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Abstract 
Wetting and de-wetting processes play an Important role in many natural and 
technological processes. In many cases, wetting is an essential prerequisite for 
applicatIOn, for example m pa10t films, crop sprays, cosmetics, pharmaceutIcal tablets 
and m preparation of suspensions. Both eqUlhbrium and dynamic processes of wetting 
are important in coatings In many industnal and medical apphcations, some strategtes 
to control drop spreadmg on solid surfaces are be10g developed. One POSSlblhty IS that a 
surfactant, a surface-actIve polymer, a polyelectrolyte or their mixture are added to a 
hqUld (usually water). 
Recently discovered tnsIloxane and other Silicone based surfactants show very unusual 
behavIOur. The term superspreading means that aqueous solutions of these surfactants 
exhibit surpnsmgly fast spreadmg over hydrophobic surfaces and allow spreadmg 
liquids up to 25 times more effective than conventIonal surfactants. Although a number 
of experimental and theoretical mvestigatIons were carned out, the UllderlY10g 
superspreadmg mechanism remains uncl ear. The main Idea is to separate the mfluence 
of different forces associated with surfactant spreadmg. Experimental work mcluded m 
thiS theSIS investigated on how Marangoni force influences spreading properties of 
tnsIloxanes Experimental findings indicated that trislloxanes spreadmg under 
Marangom force are different compared With conventional surfactants. 
An expenmental procedure was developed to enable Marangoni force to be the 
dommant force in a spreading experiment. A moving Circular wave front forms after a 
small droplet of aqueous surfactant solutIOn IS deposited on a thin aqueous layer. The 
tIme evolution of the radIUS of the moving front was momtored. Surfactants of different 
solubihty were used at concentrations above CMC. It was shown that the bme evolutIOn 
of the moving front proceeds m two stages a rapid first stage, which is followed by a 
slower second stage. The time evolution of the moving front substantially depends on 
the surfactant solubility. An exact solution for the evolution of the moving front was 
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deduced for the case of insoluble surfactants. A qualitative theory was developed to 
account for the Influence of the solubility on the front motion. Experimental 
observatIOns were in good agreement with the theory predictions. 
Surfactant solutions at concentration below CMC were also being investigated. The 
time evolution of the radius of the wave was momtored. Two surfactants of different 
solubility were used. It was shown that the time evolution of the moving front (I) 
proceeds in two stages' a fast first stage and slower second stage; (11) the time evolutIOn 
of the front motIOn substantially depends on the surfactant solubility. A qualItative 
explanatIOn of the phenomenon was suggested, which agreed reasonably well with 
experimental observations. 
SpreadIng and evaporatIOn of sessile droplets on a solid substrate under various 
conditions were investigated. The hquids used were alkanes: heptane and octane All 
hquids completely wet glass substrates used. A set of theoretically predicted universal 
equatIOns were developed and compared to experimental results. The time evolution of 
the radius of the droplet base, contact angle and the droplet height were monitored. The 
developed theoretical model predicts that measured radIUS and contact angle data, and 
the subsequently calculated volume data, would fall onto respective theoretical 
'universal curves'. Expenmental data both extracted from hterature and our own 
confirmed this theoretical predICtIOn. The predicted umversal curves fairly fit 
expenmental data both extracted from hterature sources and our own. 
In the case of powders, methods to charactense powders are needed. A new 
experimental and theoretical procedure has been developed, which allows determinIng 
surface and wetting properties of powders. The procedure included the formation of 
layers of powder, which do not diSIntegrate and do not develop cracks. In parallel, a 
new theoretical model has been developed, which allowed determining the required 
wetting properties of powders from spreadIng expenments 
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Chapter 1 Introduction and Review 
1.1 Kinetics of Wetting 
Interest In wetting dynamics processes has immensely increased during the past 10-15 
years WettIng and de-wettIng processes play an important role in many natural and 
technological processes ApplIcatIOns of this phenomenon Include Oil recovery, 
efficIency in deposition of pesticides on plant leaves, nano and inkJet printing, to name 
a few. The general term wetting can be categonsed into adhesion wettIng, spreading 
wetting and immersion wetting. The term wetting used from thIS point wIll only refer to 
spreading wettIng. 
SpreadIng wetting can be understood as the abIlIty of a lIquid to cover a substrate 
surface. When a liquid drop is placed on a solId surface, either it spreads over the 
surface, i.e, It completely wets It (FIgure Ic), or it forms a finite contact angle with the 
surface. If the contact angle is between 0 and 90° the situatIOn IS referred to as partIal 
wettmg (FIgure Ib) However, if the contact angle is larger than 90°, the lIquid does not 
wet the surface and the SItuation is referred to as non-wetting (FIgure Ib). A more 
detailed descriptIOn of advancmg, recedIng, eqUIlIbrium and hysteresIs contact angles as 
well as problems of expenmental and theoretical verificatIOn of eqUIlIbrium contact 
angles have been recently prOVIded [4, 7] 
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Figure I. Different wetting situations. (a) complete wetting case: a droplet completely 
spreads out and only dynamiC contact angle can be measured, which tends to zero over 
time; (b) partial wetting case: the contact angle IS in between 0 and 900 ; (c) non-wetting 
case. the contact angle is larger than 900 • 
In many applicatIOns, the wetting ability of a surface IS macroscopically descnbed by 
the eqUllibnum or, more frequently, by a static advancing contact angle. This 
description is mostly used to descnbe wetting properties of liqUids on smooth, 
chemICally homogeneous surfaces and pure liquids excluding adsorption and 
evaporation effects. However, this kind of approach IS not sufficient for description of a 
host of technological processes as the kinetic aspects In the presence of surface active 
agents (surfactants) should be considered. 
The spreading velocity IS often an important cntenon based on wluch the efficiency of 
surfactants can be estimated. The dynamic behavIOur of a pure liquid on an ideal solid 
surface can often be successfully descnbed by the eqUllibnum contact angle (or rather 
static advancing/receding contact angles), the dynamiC (time-dependent) contact angle 
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as well as the spreading velocity. Such approach [1, 2] leads to the spreading 
force y" (cos Bo -cosB(t)), where Bo is the static advancing or receding contact angle. 
Note, In the case of spreading, Bo should be selected as static advancing contact angle, 
while In the case of de-wetting Bo should be selected as static recedmg contact angle. 
Work IS necessary to expand the solId-lIquid mterface, and energy dissipates due to 
VISCOUS shear In the liquid. The molecular-kinetic theory [3] assumes, particular 
dlsplacements due to the surface diffusion at the three-phase contact line as a pOSSIble 
reason for the spreading force. It completely neglects viscous dIssIpatIOn In the liqUId 
and, hence, is suitable for describing very slow velocities of spreading. Its applIcation to 
predict the spreading velocity is rather problen!atic since the molecular parameters such 
as the densIty of the adsorption centres and the distance between then! on real surfaces 
is unknown and generally inaccessible to expenments. 
1.1.1 Influence of surfactants on kinetics of wetting 
A reductIOn of water surface tensIOn by adsorption of surfactant molecules on a water-
vapour interface and adsorption of surfactant molecules on solId-liquid and solId-vapour 
interfaces alter the non-wetting behaviour of aqueous solutions on hydrophobic 
substrates Into a partIal or even complete wetting behaviour. Surfactants have been used 
for a long time and theIr Influence on surface wettabllIty IS well known and wIdely used. 
However, en!ploying surfactants to enhance spreading complicates the wetting process 
through time-dependent diffusion and adsorption processes at the involved interfaces. 
The same processes are Important In the case of water penetration Into hydrophobIc 
porous media. Aqueous surfactant solutIOns can spontaneously penetrate into 
hydrophobIc porous substrates and the penetration rate depends on both the surfactant 
type and its concentration. Both the lIquid-vapour interfacial tension ]f, and the contact 
angle of a mOVing meniscus, Ba, (advancing contact angle) becomes concentration 
dependent 
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The major process determining penetration of aqueous surfactant solutions into 
hydrophobic porous media or spreading over hydrophobic substrates seems to be the 
adsorption of surfactant molecules onto a bare hydrophobic substrate in front of the 
movmg three-phase contact (TPC) lme. The latter process results in a partial 
hydrophilisation of the hydrophobic surface m front of the meniSCUS or drop, which 
determines a spontaneous Imblbition or spreadmg. 
A drop of pure water does not spontaneously penetrate mto hydrophobic capI1lanes and 
shows the advancmg contact angle larger than 90°. The latter means that water can be 
only forced mto the capillary usmg an applied excess pressure or much easier by addmg 
surface-active agents. When a surfactant solution touches the hydrophobic capillary 
inlet, the solid-liquid and liquid-vapour interfacial tensIOns do not vary With time m the 
Initial stage because the adsorptIOn of surfactant molecules onto these surfaces IS a 
relatively fast process compared With the imblbltlOn rate. Hence, omy the solid-vapour 
mterfacial tension, 1'" can vary. If the adsorption of surfactant molecules at the bare 
hydrophobic surface m the Vicinity of the TPC line takes place, the solid-vapour 
mterfaclal tension mcreases with time. After reachmg some cntlcal value, r;;, the 
advancmg contact angle reaches 90° and the spontaneous ImblbitlOn process can start. 
The latter consideration shows that there is a critical bulk concentration, C" below 
which r" remams below It'S cntlcal value r: and the spontaneous imblbltion process 
does not take place. 
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Figure 2: Schematic of a droplet placed on a solid surface, r. /'sI and /'sv are the liqUld-
vapour, solid-hqUld and sohd-vapour InterfacIal tensIOn, respectively, at the three phase 
contact line; R is the radius of the droplet base. The droplet is small enough and the 
gravity actIOn can be neglected. 
The excess free energy, t/J, of the droplet deposIted on a sohd substrate Figure 2 is as 
follows: 
(I) 
where S is the area of the liqUId-vapour Interface; P = P. - ~ IS the excess pressure 
InSIde the hquid, Pa and PI are the ambient air pressure and pressure Inside the hquid, 
respectively; R is droplet base radius, y, /'sI and /'sv are the hqUld-vapour, sohd -liquid 
and solid vapour interfacial tensions, respectively 
The last term In the nght hand SIde ofEq. (I) gives the difference between the energy of 
the surface covered by the liquid drop and the energy of the same solId surface without 
the droplet. Eq. (I) shows that the excess free energy decreases If (a) the hqUld-vapour 
InterfacIal tension decreases; (b) The solid-lIquid interfacial tension decreases; and (c) 
The solid-vapour interfacial tenSIOn Increases. The latter conclusion IS often overlooked. 
In the absence of surfactants, the drop forms a contact angle above 90° WIth a 
hydrophobic substrate. In the presence of surfactants the follOWIng three transfer 
processes take place from the liquid onto all three Interfaces· surfactant adsorption at 
both (i) the Inner sohd-hqUld interface and (ii) the liquid-vapour interface, and (ni) 
transfer of surfactant molecules from the drop onto the solid-vapour interface in front of 
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the drop on the bare hydrophobic substrate As mentioned above, all three processes 
lead to a decrease of the excess free energy of the system. Although adsorptIon 
processes (I) and (Ii) result In a decrease of corresponding interfacial tensions XI and r, 
wlule the transfer of surfactant molecules onto the solid-vapour interface in front of the 
drop results in an increase of the local free energy, however, the total free energy of the 
system decreases according to Eq. (I). That IS, surfactant molecules transfer (in) goes 
VIa a relatIvely hIgh potentIal barrier and, hence, goes consIderably slower than 
adsorption processes (I) and (n). Hence, processes (i) and (Ii) are "fast" processes 
compared with the "slow" third process (111). 
DespIte the enormous techmcal importance of spreadIng of aqueous surfactant solutIons 
over solid surfaces, information on pOSSible spreading mechanisms is stIli limited. 
DisJoining pressure isotherms in the presence of surfactants are well InvestIgated in the 
case of free Itquid films [5], much less is known In the case of Itquid films on solid 
substrates [6]. At present, It IS not pOSSIble to present a clear mechanism of surfactant 
molecules transfer on a bare hydrophobic substrate In front of the VICInity of the moving 
TPC hne. The reason is that in the case of aqueous surfactant solutions, knowledge on 
the transition zone between meniscus/droplet to thin films in front is still very hmlted 
1.1.2 Spreading over hydrophobic substrates 
Keurentjes et al. [8] investigated the effect of surface hydrophobicity on surfactant 
adsorptIOn onto interfaces. Surfactants adsorbed onto the hydrophobic surface exposes 
its polar head groups to the solution, whereas In the case of a more polar surface, 
surfactant molecules bllayers may form rendering the surface more hydrophlhc. These 
adsorption phenomena can be explained in a semi-quantItatIve way by taking the 
cooperatIve nature of surfactant adsorptton into account and makIng estimates of free 
energtes for various conceivable interfaces in the system. 
....... -----------------------------------
Scales et al. [9] have shown that the contact angle and adsorptIon denSIty data may be 
combined to provide useful InformatIon to the adsorptIon mode at solid surfaces of a 
series of alkyl-aryl-polyoxyethylenes. 
von Bahr et al [10] observed that wettIng at low surfactant concentratIOns proceeds in 
two stages - a short time regime where spreadmg occurs rapidly, and a long time 
regime where spreading is slow. Accordmg to [10], the rate-limItIng process in the drop 
spreading experiment was assumed to be the surfactant adsorption from the bulk to the 
expanding liquid-vapour interface. During the initIal spreading phase, surfactant 
molecules adsorb at the expanding solid-liqUId Interface behInd the movmg lIquid, as 
shown in FIgure 3. 
t 
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Figure 3. SpreadIng mechanIsm of aqueous surfactant solutIons on hydrophobic 
surfaces accordmg to von Bahr et al. [10]. During the initial spreading phase, surfactant 
molecules adsorb at the expanding solid-liquid interface behind the mOVIng liquid. For 
SImplicity, the IllustratIOn of adsorbed surfactant layer at the solId-liqUId Interface was 
not included [16]. 
Dutschk et al. [11] observed the wettIng behavIOur of dilute ionic and non-IOnic 
aqueous surfactant solutions over hIghly and moderately hydrophobic polymer surfaces. 
They found that non-ionic surfactants enhanced spreadIng over both type of surfaces, 
whereas ionic surfactants do not spread over highly hydrophobIC surfaces. They took 
evaporation factor into account and presented a theory to correct the contact angle 
measured. Two spreadIng regtmes observed: a short tIme (fast spreadmg) regime and 
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long time (slow spreadIng) one. They argued in theIr case, the long time regime goes 
much slower than predicted in [10], and concluded that there eXIsts a possIble 
explanatIon where adsorption at the expanding solid-liquid interface goes more slowly 
than diffusion. 
Starov et aJ. [12] descnbed the spreadIng mechanism of aqueous surfactant solutIons 
over hydrophobic surfaces as a slow transfer of surfactant molecules on the bare 
hydrophobIc surfaces In front of the mOVIng liquid on the three-phase contact hne 
(FIgure 4). 
FIgure 4: Spreading mechanism of aqueous surfactants solutions on hydrophobIC 
surfaces accordIng to Starov et aJ. [16]. 
This mechanism was suggested earlier in [13-15]. In [12] the authors predIcted the 
dynamIC droplet radius and contact angle for a system where surfactant solutIons spread 
over hydrophobIc substrates. In the theoretIcal treatment an assumptIOn was made that 
the transfer of surfactant molecules onto bare hydrophobic substrate in front IS the rate 
detennining step. According to the model suggested In [12] the contact angle changes as 
follows: 
(2) 
where 80 and 8~ are the InItial and final contact angles, respectively, 't is a tIme scale of 
surfactant molecules transfer on a bare hydrophobIc substrate In front of the moving 
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three phase contact line. The latter equation coupled With the conservatIOn of the drop 
volume results in an equation for the radIUS of the drop base [12]. 
Figure 5: Base radIUS of a water drop (aqueous SDS solutIOn c = 005%, 2.5 ± 02 Jll 
volume) as a function of time on PTFE Error bars correspond to the error lImits of 
video evaluatIOn of images (pIXei size) [12]. 
The theoretical predictIOn corresponds well to the experimental data (Figure 5), and a 
Justification was presented for the assumption concerning the transfer mechanism of 
surfactant molecules (Figure 6). 
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Figure 6: Fitted dependency of "on SDS surfactant concentratIOn mside the drop 
(spreadmg over PTFE). Error bars correspond to the experimental pomts scattenng m 
different runs; rectangles are average values [12]. 
It was assumed that transfer of surfactant molecules onto the hydrophobiC solid 
mterface takes place only from the liquid-vapour interface as shown in Figure 4. 
Expenmental data presented m Figure 6 support thiS assumption, although they do not 
prove It decisively. The surface coverage of the liquid-vapour interface of the drop is an 
increasing functIOn of the bulk surfactant concentration mSlde the drop. The maximum 
surface coverage is reached close to the critical micelle concentration (CM C). Hence, 
according to trus mechanism at low surfactant concentrations mSlde the drop, the 
charactenstIc tIme scale of the surfactant molecules transfer, 1; decreases with mcreased 
concentration, while above the CMC, 't should level off and reach its lowest value Both 
of these effects are expenmentally confirmed in [12] (see Figure 6) 
The presence of surfactant molecules increases the solid-vapour mterfacial tension and 
hydrophIlises the imtIally hydrophobic solid substrate in front of the spreadmg drop. 
This process causes the spreadmg. The absence of adsorbed water molecules in front of 
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the drop plays Its part In making the spreading a very slow process. The analysIs of time 
dependencies of the drop base radius [16] reveals that the slow wetting dynamics 
observed for both iomc and non-ionic surfactants on hydrophobic surfaces can be 
explained neither by surfactant diffusIOn from the bulk of the drop to the expanding 
liqUid-vapour interface nor in terms of VISCOUS spreading. Two possible mechanisms 
were suggested [16]: (a) a slow rearrangement of surfactant molecules adsorbed at the 
solid-liquid Interface, which occurs inside the drop, possibly caused by the bi-Iayer 
formatIOn due to low monomer solubilIty which, In turn, may be affected by low 
surrounding humidity leading to water evaporation from the drop; (b) the transfer of 
surfactant molecules onto the bare hydrophobic surfaces which is a relatively slow but a 
spontaneous process [12]. The charactenstic tIme scale of the surfactant molecules 
transfer onto the hydrophobic surface decreases With increasing surfactant concentratIOn 
for all surfactant/polymer systems studied as predicted in [12]. Experimental data in [11, 
16, 17] indicate that the latter mechanism is valid for both Inghly and moderately 
hydrophobic surfaces. Moreover, It was found that the charactenstic time scale for 
transfer of indiVIdual ethoxylated alcohol surfactants CmEOs estimated for hydrophobic 
polypropylene surface Increases with increasing the hydrocarbon chain length, probably 
indicating stenc lImitatIOns With increasmg molecular size. As concluded in [16], based 
on expenmental data the characteristic tIme scale, T, of surfactant molecules transfer, 
which can be considered as a spreading characteristic, sensibly responds to changes of 
both the surfactant nature (iomc, non-ionic) and surface free energy. 
Enksson et al. [18] momtored the interfaCIal adsorption and Interfacial tensIOn to further 
understand how wetting is influenced by surfactant transfer to the TPC line and 
provided further support to claims that surfactant transfer to the TPC line IS dominant. 
Frank et al. [19] observed that changes in the spreading behaviour are due to the 
adsorptIOn of a surfactant ahead of the contact line. 
Chan et al. [20] developed a mathematical model for surfactant enhanced spreading 
They suggested two additional mechamsms that influence the spreading rate: the 
development of positive surface curvature near the mOVing contact lIne, winch produces 
a favourable radial pressure gradient within the drop, and the surfactant convectIon In a 
viclmty of the mOVIng contact line. 
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1.1.3 Spreading under the influence of Marangoni 
force 
Thin liqUId films can be found m many engIneering, geology, and biophysics 
environment. Their applications are sigruficant in many coating processes [23, 24] and 
physiological applications [25]. Presence of non-uniform temperature or surface active 
compounds along the surface of thm liquid films leads to formatIOn of shear stresses, 
also known as Marangoni gradients at the liqUId-vapour interface. These gradIents cause 
mass transfer on and in the lIqUId layer due to surface tensIOn non-uniformIty 
Marangoni stresses distnbute the liqUId from areas of low surface tension to areas of 
high surface tensIOn (flow generation) and m domg so also deform the mterface 
resulting in vanations of the film tlnckness (deformation and even possIble instabIlIty of 
liqUId films). In this sectIOn, only the mfluence of surfactants on thm liquid films wIll be 
considered. 
Understanding of Marangom mduced flows is important as It can be beneficIal or 
detrimental m many applications. Surfactants are normally present in a healthy 
mammalian lung to reduce surface tension forces. Surfactants keep the lungs compliant 
and prevent collapse of the small airways dunng exhalation. However, most 
prematurely born babies do not produce adequate amount of those surfactants whIch 
leads to respiratory dIstress syndrome. This condItion IS treated by surfactant 
replacement therapy where surfactants are introduced mto the lungs. These surfactants 
spread in the large to medIUm pulmonary airways. In small aIrways surface tension 
gradients dominate and Marangoni flow dIstributes the surfactant to the dlstal regions of 
the lung [26, 27]. 
In coating processes pamt films are dned by solvent evaporation. The non-unIformity of 
the evaporatIOn leads to Marangoni stresses whIch cause deformation of the film and, 
hence, formatIOn of defects on the paint surface [28]. Another example IS a drying of 
films of latex suspensIOns (stabIlised by surfactants). The dryIng process results in 
surfactant non-uniformItIes (surfactant islands) that leave permanent indentations m the 
film [29] 
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The Marangoni effect is used for drying silicon wafers after a wet processing step 
during the manufacturing of mtegrated circuits. An alcohol vapour is blown through a 
movmg nozzle over the wet wafer surface and the subsequent Marangoni effect causes 
the liqUId on the wafer to pull itself off the surface effectIvely leaving a dry wafer 
surface [30]. 
A reVIew on spreading of surfactant solutions on thm liqUId films was reVIewed by 
Afsar-Siddiqui et al. [31] a few years ago. However, the review was mainly based upon 
computational sImulatIOn results. Expenmental work has been quite limIted. Starov et al. 
[32] have shown that in a specIfically designed expenment, all forces but Marangoni 
forces can be safely neglected. A theoretIcal solution was also developed to explam the 
kinetics of a surfactant solution spreadmg under the Marangom force influence The 
spreadmg process was found to follow a power law dependency. 
1.1.4 Superspreading 
SIlicone surfactants (partIcularly trisiloxanes) have been subjected to substantial mterest 
since early 90s. TnsIioxanes were found to possess an unusual abIlity to induce highly 
effiCIent wettmg properties of hydrophobic surfaces under appropnate condItions and, 
hence, the term "superspreadmg" became assocIated WIth tnsIioxanes. 
Unusual wetting properties of trisIioxanes were dIscussed in [55, 56]. The overall 
spread area achievable by an aqueous droplet containing tnsIioxane surfactant can be as 
much as 50 tImes greater than of pure water, and 25 tImes more effectIve than 
conventIOnal surfactants [33]. Commercially aVaIlable tnsiloxane surfactant, Sllwet® L-
77™ (L-77), has been widely used smce dIscovered m the late eightIes [57]. 
The superspreading phenomenon attracted much attentIOn both from the theoretical 
pomt of view and because ofthe practical use of the phenomenon. However, there IS no 
general agreement about the mechanIsm of the effect and on the necessary conditions 
for ItS realIzation. 
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The wetting behaviour of the trisiloxane surfactant solutIOn is usually attnbuted to its 
abIlity to absorb at the liquid-vapour and hydrophobic solid/liqUId interfaces at the 
moving TPC line and to reduce considerably the tensions of these interfaces, creatmg a 
positive spreadmg coefficient. The rapId spreading can be due to maintammg a positive 
spreading coefficient at the perimeter as the drop spreads. However, the lIquid/vapour 
and solidJIiqUld mterfaces at the penmeter are depleted of surfactant by mterfacial 
expansion as the drop spreads. The spreading coefficIent can remam posItIve if the rate 
of surfactant adsorption onto the solid and fluid surfaces from the spreading aqueous 
film at the penmeter exceeds the dIlutIng effect due to the area expansion ThIs becomes 
even more difficult if we take Into account that the reservoir of surfactant in the droplet 
is continually depleted by adsorption to the expanding mterfaces. If the adsorption 
cannot keep pace with the area expansion at the perimeter, and the surface 
concentrations become reduced at the contact line, a negatIve spreading coefficient can 
develop, whIch retards the drop movement. Unfortunately, the latter explanation can be 
equally applied to any aqueous surfactant solutIOn and is not specIfic for tnsiloxanes. 
1.1.5 Capillary imbibition in partially wetted 
porous medium 
Starov et al. [21] Investigated the capIllary Imblbition of surfactant solutIOns into dry 
porous substrates in the case of partial wetting. The cylindrical capIllaries were used as 
a model of porous medIa to study the problem theoretIcally. NItrocellulose membranes 
partially wetted by water were used to study the same process experimentally. For all 
concentrations, It was shown that the penetration rate obeys to Lucas-Washburn law. 
However, it was found that there is a cntical capillary radIUs detennined by adsorption 
of surfactant molecules onto the inner capIllary surface: 
(3) 
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where Rcr = R r~1r\Vm~, D IS the diffusion coefficient of surfactant, TJ is the liqUid 
2D1]CM 
viSCOSity, Foo IS the maximum surface coverage, \Vmox = y(CMC)cosO.(CMC). 
If R < Rcr , then the permeability of the porous medium IS not influenced by the 
presence of surfactants in the feed solutIOn, whatever the value of the concentration IS 
In this case all surfactant molecules are adsorbed on the capillary wall and nothmg is 
left for the advancmg meruscus. Note, the adsorptIOn strength m a porous medlmn is 
proportIOnal to the surface per urut volmne, which is inversely proportional to the 
capillary radius in the case of a cylindrical capillary. On the other hand, the imblbltlon 
rate is lower m thmner capillaries due to higher friction This gives more time for 
diffusion to bring new surfactant molecules to cover the fresh part of capillary walls. 
However, if the capillary radius is below the cntical value, R < Rcr , then adsorptIOn 
proceeds faster than imblbltlon and consmnes all surfactant molecules from the solution. 
Thus, for thm capillaries (or fine porous media) the ImblbitlOn rate of surfactant 
solutIOns is independent of the surfactant concentration in the feed solution and takes a 
value equal to that in the case of pure water. 
When the mean pore size is larger than the critical value, that is R > Rcr , then the 
permeability increases With increasing surfactant concentratIOn. The theoretical 
conclusIOns are In agreement with expenmental results presented m Figure 7, where k is 
the permeability of porous membranes, and pc is an effective capillary pressure inside 
the porous membrane. 
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FIgure 7: Experimental values of kpc versus concentration of a SDS solution for 
mtrocellulose membranes with dIfferent mean pore sIzes (inset). kpc remaInS constant in 
the case of membranes wIth both 0.2211m (straIght lIne I) and 0.45 I1m (straight line 2) 
mean pore size, while it increases WIth the Increase in surfactant concentration for the 
membrane with mean pore SIze 3 I1m (lIne 3) [21]. 
Hodgson and Berg [22] studIed Imblbition of various pure liquids and surfactant 
solutions over a wIde range of concentratIOns in partially wetted strips of paper cut from 
cellulose filters. For all liquIds, It was shown, that the penetration rate obeys to Lucas-
Washbum law. It was found that the penetratIOn rate in the case of partIal wettIng 
depends on the adhesion tension, whlch IS represented as a dIfference r sv - r" . 
DIfferences in Imbiblhon of surfactant solutions were explaIned by differences In theIr 
adsorptIOn and diffusive abilities. 
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1.1.6 Spreading of surfactant solutions over porous 
substrates 
SpreadIng and penetration of hquids over/into porous media is a fundamental process 
with a numerous applications in printing, painting, adhesives, oil recovery, imblbltion 
Into sOils, health care, and home care products [7, 34-38] In Inkjet pnnting, the 
resolution is directly associated to the degree of liquid extension and spreading on the 
printing medium after deposition [37]. The spreading of a drop on a thIn penneable 
medIUm proceeds as follows: (a) spreading on the medIUm surface and (b) penetratIOn 
Into the underlYing medium. Knowledge of the spreadIng rate and the area covered is 
critical as a drop-to drop contact would results in unwanted and detnmental effects In 
pnntIng. From other hand, fast penetration of the hquld would limit the time the drop 
spent on the surface, thereby decreasing coalescence of drops. However, penetration of 
liquid into porous medIUm is usually slow due to poor wettablhty by the hqUld of the 
porous medium. Surfactants from thiS POInt of view may play a crucial role. 
Surfactants role In Oil recovery processes is especially important. It is highly deSlfable 
to extract Oil trapped In the pores of rocks The injectIon of surfactants reduces the 
Interfacial tension between the Oil and water phases, allOWIng the extraction of trapped 
Oil in small pores [39]. The Importance of thiS knowledge leads to on-going research on 
the wetting kinetics of porous media influenced by surfactants 
Recent publications revealed a grOWIng interest in explonng the simultaneous spreadIng 
and ImbibltIon processes of aqueous surfactant solutIOns. However, these studies have 
so far mostly been restricted to pure liquids simultaneously spreading and imblbiting 
into the porous substrate [39 - 50] Clarke et al. [51] developed a theoretIcal model for 
simultaneous spreading and ImblbltJon by incorporating the molecular kinetic theory of 
spreadIng [41] coupled with a modified Lucas-Washbum equation. 
Starov et al. developed a theoretical model [40, 52] for the complete wetting case for a 
drop spreadIng over a pre-wetted or a dry porous layer. The lubrication theory 
approximation was used, neglectIng gravity influence, so that only capillary forces were 
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taken into account in the model They developed a system of two dIfferential equations 
to descnbe the evolution of the radius of both the drop base, L(t), and wetted regIon, l(t), 
inside the porous layer. The latter allowed them to deduce an equation descnbing the 
dynamIC contact angle. The authors perfonned experiments in order to test the 
theoretical model. SIlicon OIls were the hquid used and mtrocellulose membranes with 
different pore size were used as porous layers. By comparing the theoretical model and 
experimental data on appropriate dimenslOnless scales, a universal behaVIOur was 
observed where experImental data was In good agreement with theoretical prediction. 
Zhdanovet al. [53] incorporated the preVIous theoretical model to sImulate spreadIng of 
surfactant solutions over porous layers They produced experimental data for the 
spreadIng of different concentratIOns of aqueous SDS solutIons over nitrocellulose 
membranes of different pore sizes, varying drop volume and properties of porous layers. 
The dynamic contact angle, radIUS of the spreadIng droplet, and the wetted penmeter 
were monitored for the spreading/penetratIon process. 
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Figure 9: Spreading of droplets of 0.1 % SDS solution over Nitrocellulose membrane, 
average pore size is 3.0 ~; LlLmax is dlmenslOnless radius of the drop base, Illmax is 
radIUS of the wetted area, 818m IS dynamic contact angle, tltmaxdimensionless time [53]. 
The entire process was divided into 3 stages (Figure 9). During the first stage, the drop 
base spreads until It reaches the maJ(1mum posItIon whilst contact angle decreases 
rapidly. The drop base then remams constant during the second stage as the contact 
angle decreases linearly With tIme. And finally, the third stage where the drop base 
shnnks whde the contact angle remains constant untIl the drop completely disappears. 
During all three stages, the wetted region contmued to expand untIl the final equilIbrium 
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value. It was observed that the total duratIOn of spreadIng, the maximum radius of the 
drop base, and final radIUs of the wetted regIOn considerably depend on the drop volume, 
SOS concentration, averaged pore size and porosity of the membranes used It IS shown 
that it is more convenient to analyse the experimental data USIng the same dimensionless 
values as in the case of spreading of pure liqUids over dry porous substrates. The overall 
spreading time decreases With increasing SOS concentration SpreadIng of drops of 
different volumes (over an identical porous membrane) and the contact angle showed a 
universal behavIOur (Figure 9) using dlmenslOnless plots Zhdanov et al. [53] deduced 
an equation that predicts the linear dependency of the contact angle dunng the second 
stage of spreadinglimbibition process. The contact angle hysteresIs (difference between 
static advancing and static receding contact angles) was plotted extracted to show that 
thiS difference becomes smaller with increasing SOS concentration. Independent 
expenments were performed to conclude the constancy of the contact angle during the 
third stage. It was concluded that the constancy of the contact angle dunng the final 
stage is determined by the hydrodynamiC flow only. 
Usmg expenmental data on drop spreading of aqueous SOS solutions over dry porous 
substrates the values of advancing, Ba, and hydrodynamic recedmg, Brh, contact angles 
were extracted as a functIOn of SOS concentration ([53], see an example in Figure 10). 
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Figure 10. Porous mtrocellulose substrates. Apparent contact angle hysteresis variatIon 
With SOS concentration, Nitrocellulose membranes of different average pore sizes. 
Open symbols correspond to the advancing contact angle Ba. The same filled symbols 
correspond to the hydrodynamic recedmg contact angle Brh [53]. 
The term "hydrodynamiC recedmg contact angle", Brh, was used to distinguish It from 
the static recedIng contact angle. The advancIng contact angle was defined at the end of 
the first stage when the drop stopped to spread (the radius of the drop base reached its 
maximum value) The hydrodynamic recedIng contact angle Brh was defined at the 
moment when the drop base started to shrink. In Figure 10 experimental data on the 
apparent contact angle hysteresIs are summanzed. This figure shows that the advancing 
contact angle Ba decreases with SOS concentration; the hydrodynamiC receding contact 
angle Brh on the contrary slightly increases With SOS concentration. The difference 
between advancing and recedIng contact angles becomes smaller with increasing SOS 
concentratIOn; the dimensionless time mterval when the drop base does not move also 
decreases With the Increase of the SOS concentratIOn. 
It IS important to note that the behavIOur of drops of aqueous SOS solutIOns dunng the 
third stage of spreading (partial wettIng) IS remarkably similar to the behaviour dunng 
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the second stage of spreading m the case of complete wetting sectIOn [40, 52]. Static 
advancing and static recedmg contact angles on smooth non-porous mtroceIlulose 
substrate for different SOS concentrations were also measured to compare WIth those on 
porous substrate [53]. The statIc advancing contact angle of pure water on non-porous 
mtrocellulose substrate was found to be equal (approxImately) to 70°. The static 
advancing contact angle decreases WIth mcreasmg SOS concentration (Figure 11). 
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FIgure 11: Non-porous mtrocellulose substrate. Advancmg and recedmg contact angles 
variatIOn WIth SOS concentration; open symbols correspond to the statIc advancing 
contact angle 8a; filled symbols correspond to the statIc receding contact angle 8r [53]. 
ThIs trend contmues untIl the CMC is reached. At concentratIOns above the CMC 
advancing contact angle remains constant and approximately equals to 35°. Non-zero 
value of the statIc receding contact angle was found only in the case of pure water 
droplets. In all other cases (even at the smallest SOS concentratIons used 0.025%) the 
static receding contact angle was found equal to zero in the all concentratIOn range used, 
from 0.025% (ten tImes smaller than CMC) to 1 % (five times hIgher than CMC). A 
comparIson between Figs 10 and 11 shows that" 
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The advancing contact angle dependence for porous mtrocellulose substrates on SDS 
concentration is significantly different from the static advancing contact angle 
dependence for non-porous mtrocellulose substrates. This means that in the case of 
porous substrates the influence of both the hydrodynamic flow caused by imblbltlon 
into the porous substrate and adsorption of surfactants inside pores significantly change 
the advancing contact angle. 
The hydrodynamic recedmg contact angle in the case of porous substrates has nothing 
to do with the hysteresis of the contact angle and determmed completely by the 
hydrodynamic flow m the way similar to the complete wettmg case. 
Daniel et al. [54] developed a model to predict the simultaneous spreadmg and 
penetration of surfactant solutions based on energy conSiderations of the system. A 
comparison with [40] showed the energy based model is functIOnally equivalent. The 
derived energy based model was tested against experimental data on spreading of 
commercial surfactants over a variety of papers relevant to thermal ink-Jet printmg. 
It IS necessary to emphasise that m spite of enormous mdustrial importance the kinetics 
of spreadmgllmblbltlon of surfactant solutions into porous media is stilI far less 
mvestigated than It deserves. 
30 
1.2 Silicone surfactants 
Organosllicones, a class of material firstly reported in 1973 during the revolution of 
adjuvants in agnchemlcals [58]. However, at that penod, most attentIOn was focused on 
developing of new pesticides and herbicides with high activity, extreme selectivity, and 
low toxICIty. After the mid-eighties, this trend gradually shifted. TIus was mamly due to 
the cost load in developing a new pesticide or herbicide It was reported that moving a 
new compound from research stage to market reqUires about a decade and costs around 
$100 million, and usually only one is selected from 20,000 compounds [58]. 
Furthennore, public concerns on the environment and strict enVironmental regulatIOns 
forced companies to find different alternatives. At that time, adJuvants were not 
considered as herbicides and pestiCides were mexpensive matenals. However, With the 
combined pressures, companies begun researching mto developmg synergistlc, 
actlvatmg, penetratmg adJuvants. Thus, mtenslve research began to find a new 
generation of new agrichemicals to accommodate the market. 
Adjuvants can be defined as substances other than water which are not themselves a 
pestiCide or herbicide but which enhance or is intended to enhance the effectiveness of 
the pesticides or herbiCides with which they are used. Adjuvants are categorised mto 
extenders, wettmg agents, stlckmg agents and fogging agents Wettmg agents m the 
form of surface active agents (surfactants) as an adJuvant m agnchemlCals will be 
considered .. 
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1.2.1 What makes silicones special? 
SIlicones are the only organic/inorganic hybrid polymers that have been extensively 
commercialIzed. This IS true for several Important reasons. Poly(dlmethylslloxane) or 
PDMS IS by far the most common Silicone polymer. The organic portion In PDMS is 
the methyl groups. Surface energy of any substance is a direct manifestatIOn of the 
intermolecular forces between molecules. In the case of the methyl groups, these forces 
are almost the weakest possible (only alIphatic fluorocarbon groups are lower) The 
inorganic sIloxane backbone is the most flexible polymer backbone aVaIlable This 
allows the methyl groups to be arranged and presented to their best effect. Consequently, 
PDMS provides one of the lowest-energy surfaces known [59]. This results in a low-
surface-energy polymer that can be bettered only by more expensive fluorocarbon 
polymers. It is thiS unique surface behavIOur that accounts for many Silicone 
applIcations. Although most Silicone polymers are not water-soluble, an important class 
of water-soluble SIlIcone surfactants do exist. 
SIlIcone surfactants have found their way into many applications In industries. The 
largest applicatIOn of silicone surfactants is as foaming agents In the manufacture of 
polyurethane foams [60, 61]. Silicone surfactants are milder physiologically than 
hydrocarbon surfactants, making It suitable in hyglemc and personal care products. 
Further readIng on some of the other major applications can be found In a book edited 
by HIll [62], and by Schlachter and Feldmann-Krane [63]. 
Foaming, wettmg, emulsification, and phase behaVIOur are basic properties relevant to 
these applications. Most research on organosilicones have shown that only the tn-
organosilIcone With a methylated group displays huge potential and to date, all 
commercial agrichemlcal surfactants are trisiloxanes. However, the underlYIng 
mechanisms of tnsIloxanes remaIned unanswered. This report wIll focus on 
investigatIng the mechanism responsible for trislloxane superior abilIties as a spreadmg 
adJuvant. 
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1.2.2 Trisiloxanes 
Hydrophobic group 
(OCH,CH,) OH _ _ n Hydrophilic group 
Figure 3: General molecular structure oftrislloxane. 
Figure 3 depicts the molecular structure of a trislloxane. The hydrophobic group 
consists of 3 methylated siloxy groups. Siloxane chains are highly surface active due to 
their low surface tensIOn caused by the large number of methyl groups and due to the 
small intermolecular attractions between the siloxane hydrophobes [59] They are more 
flexible compared to conventional hydrocarbon cham, allowing maximum onentatlOn of 
the attached polar groups at interfaces The high density of methyl groups of siloxane 
chams accounts for the non-polar character, making It strongly hydrophobic. The 
hydrophilic group attached to the siloxane cham is polyoxyethylene (PEO) groups. The 
number of the non-IOnic pEO groups, n, can vaned to produce tnsiloxanes with a range 
ofsolublhty. For simplicity, a tnsiloxane with 3 pEO groups will be referred to as T3. 
The dlstmctlve feature of tnsiloxanes IS that the hydrophobic group IS much compared 
to the traditionally long hydrocarbon chams in conventIOnal surfactants. In addition, the 
hydrophilic group is made from pEO chams, making It much longer than the 
hydrophobiC group In other words, tnsiloxanes are surfactants that have a hydrophobic 
head and a hydrophlhc tail. Figure 4 illustrates the hydrophobic head group of the 
trisiloxane attached to the long hydrophlhc tail group. This unusual molecule 
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arrangement and the resulting molecular configuration at interfaces may be a potential 
reason for Its superior abilIty as a wetting adjuvant 
FIgure 4: Molecule configuration of T7.S as calculated by molecular dynamICS 
SImulation [60] 
FIgure 4 represents the molecular configuration [60] of tnsIioxane T7.S (commercIal 
name; Silwet L-77) Trisiloxane ethoxylate WIth 7.5 ethoxy groups was found to be one 
of the best water-spreading agents on hydrophobIC surfaces [59, 60]. The dIscovery of 
SIiwet-77 dates back to the late eighties, WIth GaskIn and Zabklewlcz InvestigatIng the 
spreading capabIlItIes ofSilwet L-77 [59]. 
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1.2.3 Why Trisiloxanes? 
Trisiloxanes was found to possess an unusual abIlIty to induce wetting over 
hydrophobic surfaces. ThIs phenomenon was termed as superspreading It IS for this 
abIlIty, mtensive research was carried out on tnsiloxanes to be able to utIlIse thIS unique 
property. Low surface tensIOn is a desIrable property in most surfactant formulations. 
Low surface tension improves wettmg/spreading on various surfaces, which results ID 
more effiCIent cleaners, agrochernlcal formulatIOns, etc. When added to water, 
tnSlloxane surfactants are capable of lowering the surface tensIOn from 70 to about 20 
dyn cm-I. By far, only a few perfluorinated hydrocarbon surfactants are as effectIve at 
lowering the surface tension of water, promotes spontaneous wettmg over hydrophobic 
surfaces. Whenever cost and environmental hmitatlOns allow, fluorocarbon surfactants 
are often the best choice to produce formulatIOns with surface tension values near 20 -
25 mN/m. Unfortunately, fluorocarbon surfactants are not easIly degraded, and are thus 
not envIronmentally frIendly; they are also expensIve compared to hydrocarbon 
surfactants. 
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Figure 5: Photograph depicting the spreading of: (a) a water drop and a drop of 0.25% 
Triton X- l OO solution, (b) 0.1 % Silwet L-77 solution on a velvetleaf surface. [60] 
Figure 5 illustrates this point by comparing the' relative spreading properties of water, 
with 0.25% Triton X-lOO (polyoxythylene (IO)-octylphenyl ether, and with aqueous 
solution of 0.1 % Silwet L-77 surfactant on a velvetleaf (Abutiljon theophrasti). Water 
alone on velvetleaf makes a >900 contact angle, aqueous Triton X- lOO solution gives a 
reduction in the contact angle made as it is capable of reducing the surface tension of 
the aqueous solution, thus a bigger spreading area. However, in comparison with Silwet 
L-77, the significant increase in spreading area and decrease in contact angle making it 
an effective wetting agent. 
Recent developments in the superspreading behaviour have been summarised in [61]. In 
spite of a number of experimental investigations the underlying mechanism of 
superspreading is still not revealed and at present there is no understanding of the 
mechanism of superspreading. It is a real challenge to understand this mechanism, 
which will open new perspectives for both chemical engineering and colloid science. 
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1.3 Aims and Objectives 
Interests in the area of wettmg phenomena had been growmg Immensely due to the 
significance of its applications in many industries. The proposed project aImS to Identify 
gaps within the area and subsequently attempt to fill m those gaps. 
(I) Understand the mfluence of Marangoni force on the spreading of 
"superspreaders" Trisiloxanes and commercial surfactants. 
(ii) SImultaneous spreadmg and evaporatIon of sessile droplets m the case of 
complete wettmg. 
(Iii) Spreadmg and imbibltIon of pure liqUIds over porous powder layers. 
In each of the mvestigated systems, a theoretIcal solution should be developed. 
Appropriate experiments will be deSIgned and set up to allow momtonng and collectIon 
of relevant data for investIgatmg the drop dynamics m the proposed systems above. 
Experimental results will then be compared to theoretIcal solutIOn 
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1.4 Thesis Structure 
Chapter 2 wIll focus on the kinetics of surfactants spreading under the Influence of 
Marangoni or surface tension gradIent force only. In thIS chapter, the spreading kinetics 
will be restricted to only surfactant solutIOns at concentrations well above the cntical 
micelle concentration (CMC). A detailed evolution of the system of theoretical 
equations was reported. An experiment was deSIgned to allow extraction of 
experimental results for companson WIth theoretical predictions. The same experiment 
will also be done using superspreading surfactants trisiloxanes. 
Chapter 3 will complement Chapter 2 by developing further theoretical equatIOns to 
descnbe the spreading kinetics of surfactant solutions below the CMC concentration. 
SimIlarly to the previous chapter, expenmental results were obtained and tested against 
the theoretical models. 
Chapter 4 descnbes an investigation of a system where both spreading and evaporation 
take place at the same time. The spreading process here is restncted to sessile droplets 
in the case of complete wetting only. The main idea for this work stemmed from 
literature where droplet kinetics in this system would follow a universal behaviour. 
DetaIled theoretical models are Included and tested against author's experimental results 
as well as from literature. 
Chapter 5 reports the investigatIOn of spreading and ImbIbitions of liqUids over porous 
powder layers The understanding of t1us phenomenon is of great importance to the 
pharmaceutical industry. 
Conclusions from all the investigations will be proVIded and also suggestions for 
potential further Investigations WIll be given. A list of publicatIOns WIll be given 
including journal papers published and conference presentations. Finally, a copy of each 
published papers WIll be Included 
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Chapter 2 Influence of Marangoni force on 
spreading of surfactant solutions 
(Concentration above CMC) 
2.1 Investigating superspreading mechanism 
2.1.1 Various theories and spreading mechanisms 
The superspreading phenomenon has attracted much attention both from a theoretical 
point of view and because of the practical use of the phenomenon. However, there is no 
general agreement about the mechanism of the effect and on the necessary conditions 
for Its reahzalion. 
The wetting behaviour of the trisiloxane surfactant solutions can be understood as a 
consequence of its ability, at the advancing penmeter of the drop, to adsorb at the 
air/aqueous and aqueouslhydrophoblc solid mterfaces and to reduce considerably the 
tensions of these interfaces, creatmg a pOSitive spreadmg coeffiCient. The rapid 
spreading can be due to mamtainmg a posllive spreadmg coefficient at the penmeter as 
the drop spreads. However, the air/aqueous and solid/aqueous mterfaces at the perimeter 
are depleted of surfactant by interfacial expansion as the drop spreads. The spreadmg 
coefficient can remam positive if the rate of surfactant adsorption onto the solid and 
fluid surfaces from the spreading aqueous film at the penmeter exceeds the dilutmg 
effect due to the area expansion. This task IS made more difficult by the fact that the 
reservOir of surfactant in the film IS contmually depleted by adsorptIOn to the expandmg 
mterfaces. If the adsorptIOn cannot keep pace with the area expansIOn at the perimeter, 
and the surface concentrations become reduced at the contact line, a negative spreading 
coeffiCient which retards the drop movement can develop. In this case, however, a 
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Marangoni mechanism can account for the rapid spreading if the surface concentrations 
at the drop apex are assumed to remain high compared to the perimeter so that the drop 
is pulled out by the higher tensIOn at the perimeter than at the apex. To maintaIn a high 
apex concentration, surfactant adsorptIon must exceed the rate of interfacial dilation at 
the apex due to the outward flow. This is conceivable because, unlike that at the contact 
lIne, the surfactant reservOir In the liquid at the drop centre is not continually depleted 
by adsorptIon onto an expanding solid surface. 
Ananthapadmanabhan et al. [I] postulated that the rapid spreadIng results from the 
peculiar character of the tnsiloxane moiety, i.e., ItS wide hydrophobe group. However It 
was later shown that molecular geometry IS not a cntical parameter. Solution turbidity, 
the presence of disperse phase, was found to be an important parameter. This follows 
from expenments With the trisiloxane surfactant D-8 solution perfonned by Zhu et al. [2] 
which suggested that superspreading occurs only when dispersed particles are present. 
This work also showed that the rate of droplet spreading over Parafilm, Increases With 
concentratIOn and reaches a maximum. SOnicated solutIOns spread faster due to 
destruction of aggregates of SIngle particles. AdditIon of fonnamide reduces the amount 
of dispersed phase and results in a decrease of the rate of spreadIng and the spreadIng 
area Stoebe et al. [3], observe that clear aqueous tnsIioxane surfactant solutions, 
effectIvely wet substrates With slightly higher surface energy than those prevIOusly 
Investigated. The existence of a dispersed surfactant rich phase IS therefore not cntIcal 
to the observation of surfactant enhanced spreading Another important factor noted by 
Zhu et al. [2] was the water vapour pressure In the surrounding atInosphere. 
Superspreading of D-8 solution was observed only in saturated or supersaturated water 
vapour. Tlus has given nse to the suggestion that fast spreadmg may be caused by 
surface flow of a thin precursor film fonned from the vapour phase. However, 
elhpsometncally measured coefficients of surface diffuSIOn of pure sIloxane surfactants 
are too small «10·6cmls) for explaInmg the effect of superspreadmg. Churaev et al. [4], 
showed that fast spreading and chmbing of trlsIloxane surfactant solutions over 
hydrophobic surfaces, are caused by fonnation of extremely thick wetting films of the 
solution. Stability of such micron thick films may be explamed by joint action of 
repulsive forces between dispersed particles (veSicles) and repulSive forces between 
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macroscopic film interfaces An addllIonal role of the dispersed phase may consist also 
in dumping capillary waves formed at the film-gas mterface, preventing film rupture. 
2.1.2 Spreading forces 
To uncover the potenlIal reason for superspreadmg, the general forces that induce 
spreading of surfactant solutIOn droplets over hydrophobic substrates must be 
considered. These forces are; (i) gravity force, which becomes dommant for "big" drops; 
(11) capillary force, which IS dominant for "small" drops; (m) Marangoni force, caused 
by surface tension gradient on the drop surface and; (iv) surface forces, which arise m 
thin layers close to the three phase contact Ime. To understand the underlying 
mechanisms that induce superspreading, experiments must be devised that are able to 
separate the influence of these forces. 
Consider a simple example of spreadmg of two-dimensional (cylindncal) droplet The 
mitial stage of spreading is the capillary regime (small drops), while the final stage of 
spreadmg is the gravitational regime (big drops). The moment at when the transition 
from capillary regime to gravitalIonal regime takes place at: 
R{t )-a=~ r 
c pg 
where R(t) IS the drop base radius at lIme t, JI and p are the mterfaclal tensIOn and liqUid 
denSity respecllvely, and g is the gravitatIOnal acceleration. 
GravitalIonal and capillary forces do not differ from the case of spreadmg of regular 
surfactant solutIOns. That IS why attention will mostly be focused on Marangom. and 
surface forces Marangoni force anses when a surface tensIOn gradient along the surface 
of the spreading liquid eXists. This results in a motion of the liquid in the direction of a 
larger surface tensIOn. Surface forces are usually connected with the overlapping of 
electrical double layers and dispersion forces, With the range of actIOn less than 10-5 cm. 
However, these forces can extend much further m self organised structures such as 
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liquid crystals where radius of surface forces action can be as much as several 
mICrometers. 
Hypothesis is that in aqueous trisIloxane solutions a lIquid crystal-lIke structure forms 
in a range of temperatures and concentratIOns. These give rise to enormously long range 
surface forces, which in turn are responsible for the superspreadmg phenomenon. 
Recent work has focused entirely on the tnsiloxane surfactants because they are easiest 
to prepare on a large scale, however, other surfactants do exhibit similar behaVIOur [5]. 
It IS Important to notice that superspreadmg behavIOur has been found at sufficiently 
high surfactant concentrations above some critical concentration, wluch is always above 
the cntlcal micelles concentratIOn (CMC). This critical concentratIOn is referred below 
as critical wettmg concentration (CWC). It has been recognized from the beginning that 
superspreadmg behaviour is connected to some kind of self-organisation of surfactant 
molecules and strongly depends on the ambient temperature [6]. Some kmd of self-
organisation in aqueous trisIloxane solutions [7] has been found at concentrations above 
the CWC. However, at the moment no phYSical mechanism of the connection of the 
self-organisatIOn of tnsiloxane molecules and superspreading phenomenon has been 
established. It is a challenge to establish such connection, which will allow not only 
controllIng superspreadmg behaviour but also wIll open perspectives for the synthesis of 
new "superspreading" surfactants. 
A number of experimental observations on the spreading of aqueous tnsiloxane drops 
over flat hydrophobic surfaces were performed for the investigatIOn of the kinetics. 
However, all these mvestlgatlOns use sufficiently big drops [2, 3, 8, 9] which means that 
gravity, capillary, Marangoni and surface forces acted simultaneously and it was 
ImpOSSible to separate them from each other in such expenments. The latter observation 
means that it IS ImpOSSible to use the previous expenmental data for revealIng the 
mechanism of superspreadmg. Therefore It IS necessary to find a way to separate the 
influence of these actmg forces 
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2.2 Marangoni Force 
When a surfactant spreads over a liquid film, It can give nse to the Marangoni effect. 
Consider the case where a homogeneous liquid film of viscosity p, and of an imtially 
unifonn tluclcness, ho, is partially covered with a surfactant as shown in Figure 1. 
o 
air '/0 
liquid L" Jl 
substrate 
Figure 1: Water film covered partially with a complete wettmg surfactant [10] 
The initial extent of the surfactant is Lo (for t = 0). The tenn r represents the surface 
tensIOn of the surfactant, while ro represent the higher surface tensIOn of the surfactant-
free water film 
The spreading parameter, S, of a surfactant solution drop on a liquid film can be 
expressed. 
s= ro-r 
The latter, which represent the surface tension gradient at the water-surfactant junctIOn, 
should have a positive value in order spreading to occur. Because of the large surface 
tension gradient, thiS Junction pomt IS exposed to very high shear stresses. However, 
prior to the spreadmg of the main bulk of the deposited surfactant, a primary film of 
surfactant goes out onto the liqUid film, accommodatmg the surface tension gradient 
along its length. The surface tension IS at the maxImum value, ro , at the leadmg edge of 
the precursor film and at the minimum value, r, where the primary film meets the main 
bulk of the surfactant. This surface tensIOn gradient along the precursor mduces shear 
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stress at the aIr- water Interface, which causes motion In both the water film and the 
surfactant In the dIrectIOn of higher surface tension. 
Flow 
Low surfactant concentration 
High surface tension 
High surfactant concentration 
Low surface tension 
SUI"face 
Figure 2: Flow generated due to presence of surface concentration/tension gradient. 
The result IS the rapid and spontaneous spreadIng of the main bulk of the surfactant over 
the film. The spontaneous advance of surfactant dnven by a surface-tension mduced 
shear stress in the presence of an underlYIng liqUid film is termed Marangoni spreading. 
The shear stress mduced is proportional to the surface tension gradient given by ~. 
Lo 
This is counter balanced by VISCOUS retardation forces of order pU giving nse to a 
ho 
characteristic Marangom velocity which can be expressed by the following equation 
[10]· 
U = hoSo 
plo 
Since the surface tensIOn gradient and the correspondmg shear stress mduced m the 
Vlcmity of the drop will be higher than that further downstream, the flUid velOCity in the 
vicmity of the drop is also higher. Fluid is, therefore, expelled from this regIOn to areas 
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further downstream, the result being a thinning of the film near the drop and a 
thIckening of the film at the surfactant leading edge as illustrated in the follOWing figure. 
L 
FIgure 3: Liquid heIght profile for a spreading surfactant solutIOn [10]. 
ha 
I 
Schematic dIagram of the lIqUId heIght profile, h, for a spreading surfactant solutIOn 
where ha IS the undisturbed film thickness and L is the Instantaneous extent of surfactant 
spreading The region labelled 'cap' denotes a surfactant-rich region corresponding to 
the onginal surfactant deposition [10]. 
2.2.1 Influence of Marangoni stresses on the 
interfacial profile 
The strength of Marangoni stresses can be determined by the modIfied Pedet nmnber 
(Pe) [10]: 
Pe= SHo 
JiDs 
where Ds IS the surface dIffusivity. 
In the case of Pe » 1, spreading IS primarIly dominated by Marangoni convection, 
where as if Pe « 1, surface diffusion controls the spreading. 
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FIgure 4' (a) Film thickness and (b) surfactant concentration profiles after t = 0.5 for 0 
Pe = 0.5; APe = 1 0; oPe = 10.0, 'f Pe = 100. Gravitational effects have been 
neglected [11]. 
The influence of Pec1e! number on the film thickness and surface concentration is 
shown in Figure 4. Increasmg the Pec1et number causes severe film defonnations, 
reduced spreadmg exponents and retention of large surfactant concentratIOn rather than 
theIr relaxation [10]. Although Marangoni convectIOn relaxes concentration gradIents, 
the severe film defonnatlons may be responsible for confinmg surfactant upstream of 
the thm region, thus inhIbIting the surfactant dlstnbution [12]. On the other hand, 
decreasing the Pe number leads to a smaller degree of film defonnatlOn, an mcrease in 
spreadmg exponents but with a slower spreading rate 
2.2.2 Influence of gravitational forces on interfacial 
profile 
Marangoni convection and hydrostatic pressure act m opposItion under thick regions of 
the film and these two physical mechanisms can be related by the refonned Bond 
number (Ba) [10]: 
t}[2 
Bo=P g 
S 
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where g IS the gravitatIOnal acceleration Gravitational influences can be neglected when 
Bo « 1 and vice versa. With lime, gravitational effects mcreases as surface tensIOn 
gradients are relaxed and the height at the leadmg edge thickens resultmg in flow 
reversal when hydrostatic forces overwhelm Marangoru stresses [10]. 
I" (b) ") 
· 
• 
~I ~ I ] g 
0 
.. .. S ii • • • l i i • E g j • ~ < Q Q 
Figure 5: Velocity Streamlines after (a) t = 0.25; (b) t = 0.75; and (c) t = 3 when Pe = 
10.0 and Bo = 1.0 [11]. 
Figure 5 shows reversal flow that anses at times where gravitatIOnal mfluence becomes 
significant. The fluid will move from the thick regIOns to the thm regions and in so 
dlminislung the film height disturbances 
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Figure 6: (a) FIlm thickness and (b) concentration profile after t = 0.5 for oBo = 0.1; 
.Bo = 1 0; oBo = 10.0. Peclet numbefls held constant at 10.0 [11]. 
An Increase in gravitatIonal forces results in diminished film thickness gradients and a 
relaxation of surface concentratIOn gradients. Expenmental studies were conducted by 
Gaver and Grotberg [11] using oleic acid on glycerol films of the order of 1 mm using 
talc on the surface and dye streaks In the bulk to visualize the flow. They found net 
outward flow for films of thickness 1 mm where Ba = 0.5, but bl-dlfectional flow 
occurred when Ho = 2mm and Ba = 2. 
2.2.3 Influence of capillary forces on the interfacial 
profile 
The evolution equations were extended by Jensen and Grotberg [13] to include the 
effect of weak capillary forces. It was found that capillary forces tend to stabilise 
disturbances In film height in the imtIal stages of spreading when mterfaclal curvalIlfe 
effects exist ahead of the monolayer leadmg edge but disappear With tIme. These 
findings were also confirmed by Espmosa et al. [14] whose results are shown in Figure 
7. 
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Figure 7: Plot of dlmensionless film thIckness against dimensionless spreading distance. 
The curvature ahead of the front becomes more pronounced with an increasingly finer 
mesh, suggesting that these are likely to be present in real flow from Espinosa et al. [14). 
2.2.4 Effect of surfactant solubility 
InvestigatIOns have mostly focussed on Insoluble surfactants. In fact surfactant 
solubility can have a sigmficant effect on the spreading process. The first case 
considered IS that of a soluble surfactant spreading on a liquid film, which lies on a rigId 
substrate that IS totally permeable to surfactants. As In the Insoluble case, there are film 
deformatIOns, which become more pronounced WIth increasing Pe. For soluble 
surfactants, there are concentratIOn gradIents in the vertical directIon as well as the 
honzontal direction, which reduces the Marangom driving force. In addItIon, the soluble 
surfactants readily adsorb onto the solid substrate as the film thins. This means at later 
tImes, surface tension Will be lower in the regIon thinned by Marangoni stresses than in 
the elevated region and thus, causing backflow even under negligIble gravity condItions. 
In the case where the solid wall IS impermeable to surfactant, surfactant WIll desorp 
from the surface to the bulk untIl both bulk and surface concentratIOns are in local 
eqUIlibrium. The behavIOur of the front is then dependant on the sorptIOn kinetics If 
S2 
desorptlOn is rapid, then an advancmg pulse of flUid develops mstead of a shock-hke 
structure m insoluble case. The height of this pulse can be in excess of 3 to 4 times the 
undisturbed film thickness (compared to only twice the undisturbed thickness in the 
msoluble case). As the solublhty of the surfactant increases, the upstream slope of the 
pulse becomes increasingly steep. The downstream slope IS less affected by solubihty 
and so is similar to the insoluble case [15]. 
20,----.----,-----,----,----, .~----_r-----T------r_--__, 
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Figure 8' Film height of (a) insoluble surfactant and (b) rapidly soluble surfactant at 
times, t = 1.05, 1.1, 1.2, 1 5, 2, 5. The arrows show the direction of increasmg time 
(from Jensen and Grotberg, [13]). 
If desorptlOn is slow, initially the surfactant will spread as m the insoluble case. Then as 
desorptlon begins to occur preferentially from regions of high surface surfactant 
concentration to the bulk, spreading rates are reduced. Once surface and bulk are m 
eqUlhbnum, then a pulse of fluid develops, although this IS not as pronounced as m the 
rapidly soluble case Figure 9 [15]. 
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Figure 9' Film heIght of soluble surfactant wIth slow sorption kinetIcs with increasIng 
time. The dashed curve shows the film height at t = 5 for Insoluble surfactant, the dotted 
curve show the correspondIng height for rapIdly soluble surfactant (from Jensen and 
Grotberg, [13]) 
By far, many InvestigatIOns on the spreadIng of aqueous surfactant solutIons on thin 
aqueous layer have been based on the aqueous surfactant drop IS insoluble throughout 
the spreading process. It is Important to clanfy that solubIlIty here accounts for the 
solubilIty of the aqueous surfactant solutIon into the thIn aqueous layer, and not the 
solubility of the surfactant In an aqueous solution. 
2.2.4.1 Insoluble Surfactants 
Consider two characteristic tIme scales associated with surfactant transfer, 
Td' : transfer from the liqUId-air surface to the bulk 
Ta' : transfer from the bulk back to the surface 
Ravera et. al [16] showed that these charactenstIc tIme scales depend on energy and 
entropy dIfferences between corresponding states ConsIdering the energy dIfference, a 
surfactant having a hydrophilic head and a hydrophobic taIl, where Ehl, Eta, Et! are the 
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energIes (in kT units) of head-water, taIl-air, and taIl-water interactions. The energy of a 
surfactant molecule m an adsorbed state at the interface would be Ead = Eta + Ehl , 
whIle for the same molecule in the bulk, Eb = Et! + Ehl 
The charactenstic time scales can be expressed by. 
Td• - exp(Eb - Ead ) = exp[Etl - Eta] 
Ta - exp(E.d - Eb) = exp[-Et! -Eta] 
Combming the equations above, 
Td• 
- - exp[2(Etl - Eta)] ~ 1 
T-
a 
The transfer of surfactant molecules to the bulk is a much slower process compared to 
the reverse. Therefore, If the spreading time perIod, t IS shorter than Td', then the 
surfactant transfer into the aqueous layer can be neglected, thus assuming the surfactant 
IS insoluble. 
2.2.4.2 Soluble Surfactants 
If t > Td', the surfactant transfer into the thm aqueous layer must be taken into account as 
It wIll have a SIgnificant effect on the spreadmg process. The surfactant desorbs from 
the surface into the bulk untIl both the bulk and the surface concentratIon are m 
eqUlhbnum. 
Marangoni induced spreadmg is caused by establishing a concentration gradIent in the 
honzontal directIOn, therefore if there IS surfactant transfer into the bulk, there eXIst a 
concentratIOn gradIent in the vertIcal dIrectIOn as well, thereby reducing Marangom 
dnving force at the interface and hence the spreadmg rate. 
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FIgure 10: FIlm heIght profile at t = 200 ( ---), 400 (- - -), 600 (- - - -), 800 
(------), 1000 ( ....... ), Pe = 100, Bo = 0 [17]. 
In addition, the adsorption of surfactant from the aqueous layer to the solid substrate IS 
dependent on the film height, therefore, at later times, surface tension wIll be lower m 
the region thinned by Marangoni stresses than m the elevated region. This results in a 
solubility backflow even under negligible condItions, which relaxes the film 
dIsturbances with time as shown m FIgure 10 
WIth the basic assumptions above, many scientists attempted to measure or predict the 
exponent assocIated WIth the leading edge of a surfactant theoretically and 
experImentally. This IS dependent on both the geometry of the problem and the rate at 
which the surfactant IS being supplied to the monolayer. 
Ahmad and Hansen [18] predicted that an msoluble, non-volatile surfactant monolayer 
under steady conditions spreadmg from an infinite source in two dimensional rectilmear 
geometry advances with time according to the relation [10]: 
They verified thIS experImentally usmg oleic aCId on glycerol films rangmg from 0.032 
to 012 cm m thickness. 
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Borgas and Grotberg [19] further improve this relation to propose a relatIOn for the 
advance of a quasi-steady two dimensional insoluble surfactant front suppbed with 
surfactant at a rate of: 
[ ]
"2 
L= 2Sho~E(O) t 05 
where Llo) IS a numerical factor that is a function of Pe. 
For Marangoni dnven spreading in the absence of gravitational and diffusIOn forces, 
Gaver and Grotberg [6] showed that for a radIally spreadIng drop suppbed from a finite 
source of surfactant, the front advances as to 25. Using oleic acid on 250l!m thick 
glycerol films, Dussaud et a!. [20] found the advanCIng exponent to be sbghtly lower 
than 0.25. They proposed the possibility of Interference from the talc particles (used as 
surface markers), affecting the surface properties or haVIng an Inhibiting effect on the 
spreading. When gravitatIonal forces are significant, the surfactant leading edge 
advances as l2, and with diffuSIOn transport becomes increasingly important, the 
spreadIng exponent tends to 0.5. 
Starov et al have shown earlier [21] that investigatIon of a motIOn of a front after 
deposition of a small droplet of aqueous surfactant solutIon on a thin aqueous layer 
allows investigating separately the Influence of Marangoni phenomenon on the 
hydrodynamiC flow because the capillary and gravitatIOnal forces can be neglected. The 
suggested method results In a stable motIon of the wetting front. The latter allows 
extracting properties of surfactants on a liqUid-air Interface. TheoretIcal models were 
generated to account for the kInetics of an Insoluble surfactant solution spreadIng on 
thin aqueous layer With Marangom force as the dominant spreadIng force. The 
surfactant solution was to spread With two distInct stages. The rapid first stage involves 
the dissolution of micelles so a constant concentration of surfactant is supplied to the 
spreadIng front. This stage yields the maximum attaInable surfactant concentratIOn in 
the film centre and it IS independent of time. The duration of this stage depends on the 
initIal amount of micelles in the drop. 
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This rapid first stage was predicted as: 
R(t)_t0 50 
The second slower stage mvolves the decreasmg of surfactant concentration in the 
surfactant centre. This stage was predicted as: 
Experimental data presented in [21] using SDS surfactants agreed reasonably well with 
the theoretical predictions. The extracted exponents deviated from the theoretically 
predicted 0.5 and 025. The exponent value 0.60 ± 0.15 during the first stage agreed 
well with the theoretical prediction 0.5. However, the high degree of uncertamty was 
most hkely due to the rapidity of the spreading during the first stage. Only a hmited 
amount of experimental data was acquired due to the CCD camera used. At the end of 
the first stage, the motion slows down and after some transition stage; the movmg front 
follows an exponent value of 0.17 ± 0.02. The experimental second stage exponent is 
smaller than the theoretical prediction of 0.25. The reasons for pOSSible deViations from 
the predicted exponents 0.50 and 0.25 were discussed in [21]: dissolutIOn of surfactants 
into the bulk of the film and the gravity action. 
Surfactant solutions spreadmg on thm films were all found to spread With an exponent 
of 0.5. This may be because the mass of a drop contamed more material than necessary 
for the formation of a monolayer and, therefore, behaved as an mfimte source [10]. 
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2.2.5 Marangoni Induced Instabilities 
Spreading behavIOur in the presence of surface tension gradients frequently shows 
instabilIty [22-24]: fingering Instability of the liquid films driven by temperature 
gradient [22], stick-slip phenomena wherJ a liquid contaimng surface-actIve molecules 
advances on a hydrophilic solid results in an Instability of the movIng front [23], 
spreadIng of big droplets of surfactant solution over thin liqUid layers results in an 
instability of the movIng front [10, 24]. 
The presence of Instabilities is an interesting phenomenon in its own right. However, on 
the current stage it is difficult to extract any informatIOn on properties of surfactants 
from experimental data on instability. Hence, It IS important to select a method, which 
allows investigating the dynamic properties of surfactant solutIOns on the liquid-air 
interface Without Instability occurring. 
Under the action of Marangoni stresses, the rate of thInmng of a film beneath a drop of 
spreadIng surfactant IS approximately (liS and the corresponding length of depression in 
film height grows as (118. This shows that under Marangom stresses alone, the film is not 
supposed to rupture In fimte time [10]. 
However, many expenments witli spreading of surfactant solutions on water films have 
been observed with films ranging from 250 I!m to 0.4 mm. Thus, this Indicates tliere 
must be another mechanism that IS responSible for film rupture 
J ensen and Grotberg [25] proposed that film rupture is a two part process. Marangoni 
stresses are responsible for thinning the film to tlilckness of 100 mu, and under thiS 
thickness long range intermolecular forces become Significant. These forces, In 
particular van der Waals interactions, give rise to dlsjoIning pressure effects. The 
component of the disjoining pressure that arises from the presence of van der Waals 
forces, qJvdw, is given by [10]: 
A 
cp =---
,,/W 67rHl 
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where A is the Hamaker constant. This is gIven by approximate expressions that are 
functions of the dielectnc constants and refractive mdlces of the interacting media. 
Water, bounded above by air and below by a glass substrate has a positive Hamaker 
constant and, therefore, has the effect of thinmng the film. The dimenslOnless Hamaker 
constant, AD gives the relative strength of the van der Waals forces as compared to 
Marangoni convection [10] 
A = A 
D 61/H2S 
° 
The equation above shows that disjoining pressure nses dramatically beneath the 
depressions and falls where the film height IS increased. Therefore, flows generated m 
the film away from the depressions causes further disturbances to grow. This model 
predicted that rupture would not occur for films greater than l)lm thick. However, since 
experimental observations have contradicted this, there are hmltations With thiS model 
Starovet al. [21] also made a theoretical prediction on the rupture of the film in the 
centre, leading to the formatIOn of a dry spot. The dry spot expansIOn follows the 
relation below. Experimental value of rd(t}- t0 25±OOl agrees very well With the 
theoretical prediction: 
It was found that Marangom stresses Increases the hkehhood of rupturing rather than 
stabiliSing the rupture. The effect of solubility on film rupture IS to weaken the 
stabilising Marangom effect. Thus soluble surfactant systems are likely to be more 
unstable than their insoluble counterparts [26]. 
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2.3 Theory 
(a) o surfactant droplet 
water layer 
(b) 
moving front 
" 
.J dry spot I1\. "0 
r(t) R(t) 
(c) 
moving front 
" liquid film I "0 
I 
R(t) 
Figure 11: Ca) A small droplet of aqueous surfactant solution is deposited on a top of 
thin aqueous layer of thickness ho; (b) dry spot formation in the centre: cross-section of 
the system: R(t) - radIUs of a circular moving front, r(t) - radius of a dry spot in the 
centre, h - the height of the movmg front; (c) the same as in the prevIOus case (b) 
without dry spot formation in the centre. 
Consider a schematic of the expenmental procedure (Figure 11): a small droplet of an 
aqueous surfactant solution is depOSited on the top of the mitially uniform thin aqueous 
film (thickness ho) as in Figure 11 a After that a depression in the centre of the film and 
a moving front forms (Figure lIb and 11 c). Dependmg on the expenmental conditions, 
a dry spot may form (Figure lIb) or may not form (FIgure llc) at the centre of the film. 
When a droplet of surfactant solution is deposited on a clean liquid-air interface, 
tangential stresses on the liquid surface will develop. This is caused by the non-umform 
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dlstnbution of the surfactant concentration, r, over a part of the liqUid surface covered 
by the surfactant molecules. Hence, leadmg to surface stresses and a flow (Marangom 
effect) [27]: 
ou(r,h) dyor 
1] =--
oz dr or 
(1) 
where 1'/ and u are the liqUid dynamic shear vIscosity and tangential velOCity on the 
liqUid surface h, respectively; r and z are the radial and vertical coordinates; y(T) IS the 
dependency of the hquid-air interfacial tensIOn on the surface concentratIOn of the 
surfactant. 
The surface tensIOn gradient dnven flow mduced by the Marangom effect moves 
surfactant molecules along the surface and a dramatic spreading process takes place: the 
liqUid-air interface deviates from an imtially flat position to accommodate the nonnal 
stress occurring m the course of the motion. This process is referred below to as a 
spreadmg process. 
Surface diffusion was neglected as compared to convective transfer, which was proven 
to be vahd [21]. From Eq. (1), we can deduce a characteristic scale of the surface 
velocity as: 
r.h• 
u.::::::--
17L• 
(2) 
where 'I', h., and L. are characteristic scales of the interfacial tension, the film thickness, 
and the length m the tangential direction respectively. 
Since the diffusion flux of surfactants over the hqUld-air interface IS Ds r; , where Ds 
L. 
and r. are the surface diffuSIOn coefficient and a characteristic scale of the surface 
surfactant concentratIOn respectively, and the convective flux of surfactants over the 
liqUid-air mterface is u,r •. 
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Thus, the ratio of diffusion to convective flux of surfactant molecules on the hquid-alr 
interface can be rearranged as DsTl _10-8 :s; 1, for Ds - 10-6 cm%, TJ - 10.2 P, h. - 0 01 
r.h• 
cm, y. - 102 dyn/cm. ThIs estimation shows that surface dIffusion can be really 
neglected everywhere except for a small dIffusion layer, which IS dIsregarded below as 
m [21]. 
Two different expenmental SItuations were conSIdered earlier m [21]- (a) concentration 
m a depOSIted droplet of surfactant solution, whIch is deposited at the centre of a lIquid 
film (FIgure 11), is above the critical micelle concentration (CMC), and (b) the 
concentration is smaller than CMC. Below only m the first case WIll be conSIdered, that 
IS when the mitial concentration in the small droplet IS above CMC. 
It was shown m [21] that in thIS case, when the concentratIOn of surfactant IS above 
CMC, the spreading process proceeds in two stages: (I) the first fast stage when the 
surfactant concentration IS determined by a dlsmtegratIon of mIcelles and the 
concentration ofmdivldual surfactant molecules remains mdependent of time at the film 
centre. The duration of thIS stage IS fixed by the mitial amount of mIcelles in the 
depOSIted drop; (iJ) the fast stage is followed by the second slower stage when the 
surfactant concentration decreases at the film centre but the total mass of surfactant 
remains constant over the whole film. In both cases a SImIlarity solution prOVIdes a 
power law predicting the posItIon of the movmg front, R(t), as tIme proceeds [21] 
The flow mside a thin liqUId layer WIth inItial thickness ho was considered m [21] under 
the action of an insoluble surfactant on ItS open surface. It was assumed that surface 
tensIOn varies linearly WIth surface concentratIOn of surfactant: 
at 
y(r) = y_, (3) 
where yo IS the mterfacial tension of pure water-air interface, rm corresponds to the 
maxlmUlll attamable surface concentration (at equihbnum with micelle solution) and y", 
IS the lowest mterfaclal tension at the concentratIon rm on ItS surface. 
63 
The evolution equations for the film thIckness and surfactant concentratIOn on the 
surface in the case of Insoluble surfactants are as follows: 
oh 1 0 hf -+-- rudz=O ot r or 0 
or 1 0 
-:;-+--(ru(r,h)r) = 0 
at r or 
(4) 
(5) 
where h(l, r) is the film thickness at time I, r IS the radIal coordInate and T(I, r) IS the 
surfactant concentration on the surface. 
Eq (4) IS the conservation law for the liqUId and Eq. (5) IS the conservation law for the 
Insoluble surfactants on the surface. Eq (4) can be dIrectly deduced by integration of 
the continUIty equation for the lIquid. DerIvation ofEq. (5) Includes a low slope 
apprOXImation, which is usually used [27, 28] in spIte of possible strong deformations 
of the interface In a vicinity of the moving front Eq. (4) and (5) after performIng the 
Integration becomes (see [21] for detaIls): 
that are to be solved subject to the following boundary condItions: 
or =0 
or 
at 
at 
at 
r=O 
r=O 
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(6) 
(7) 
(8) 
(9) 
(10) 
r-70 at (11) 
(12) 
Note, Eq. (12) reflects the mass conservation law of the liqUId. 
In experiments below a droplet of surfactant solution wIth concentration above CMC 
was placed In the centre of a thin aqueous film (FIgure 11). Expenmental observations 
showed that two distinct stages of spreading take place: (i) a first fast stage, and (11) a 
second slower stage. During the first stage, there is dlSlntegratIOn of micelles; hence 
surface concentration of sIngle molecules IS kept constant dunng that stage m the centre. 
Boundary condition dunng the first stage: 
(13) 
The slower stage was observed when the concentration in the droplet was below CMC 
and fast first stage was not detected The latter gives a pOSSIbIlity to conclude that the 
fast first stage lasts until all micelles are dIsintegrated. The duration ofthat stage, If, (the 
moment when all mIcelles disintegrates) was deduced In [2 I]. 
After t [, a slower second stage will begin. During the second stage the total mass of 
surfactant remams constant; therefore the following boundary conditIOn applies instead 
ofEq. (13). 
(14) 
where Qo IS the total amount of surfactant molecules In the depOSIted droplet. 
It was shown m [21] that capIllary forces can be neglected as compared with Marangom 
forces. Hence, Eqs. (6) and (7) can be SImplified as. 
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(15) 
(16) 
Some of the boundary condItions should be omitted because Eqs. (15) and (16) are 
differential equations or a lower order as compared with the correspondIng Eqs. (6) and 
(7). The remaimng boundary condItions are: 
at r=O (17) 
at r=O (18) 
and the condItions (13) or (14) dunng the correspondIng stage. 
Boundary condItions (9) - (11) cannot be satisfied at r -7 00 and a shock-like 
spreadIng front forms (for the derIvation of these condItions see below or [21] for 
details). 
The latter results In three condItions on the mOVIng front, r = R(t) . 
(19) 
l(R)=O (20) 
(21) 
) 
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Based on Eqs. (15) and (16), boundary condItions (17) - (21) and condItions (13) or (14) 
at the corresponding stage the following power laws were deduced in [21]: 
(22) 
dunng the fast first stage and, 
(23) 
during the second slower stage, where A and B are constant detenmned in [21]. 
2.3.1 General dependency of the surface tension on 
the concentration of surfactants on the surface: 
Insoluble surfactants 
The assumption that the dependence of the surface tension IS given by a simplIfied 
dependence (2) is relIeved in this section It IS shown below that III the case of a more 
general dependence: 
r= r(r) (24) 
where y(O) = ro, r(rJ= y_ , and r'(r) < 0, the main result Eqs. (22) and (23) 
deduced III [5] remains valid 
In the general case (24), Eqs. (15) and (16) take the followlllg form: 
oh = _.!.~{r[r'(r)h2 ar]} 
at r ar 21] ar 
(25) 
(26) 
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Boundary condition (20) can be rewntten now as: 
R(t) = 2h
o
Y(O) or(R) 
or 
(27) 
It IS important to note that the derivative r'( 0) m the latter equation is supposed to be 
different from zero. 
As in the case of a hnear dependence of the surface tension (2) the conditions on the 
mov1Og front can be deduced, which are (19), (20) and (27) 
2.3.1.1 Spreading: First Stage 
During the first stage the boundary conditIOn m the centre (13) IS supposed to be valid. 
r 
In the case of a general dependency (24), let us introduce a new vanable ~ = Os and 
t 
unknown functions as h(t,r) = f(~), r(t,r) = ip(~), where f(~) and tp(~) are two 
unknown functions. Substitution of the latter variable and new unknown functions 1Oto 
Eqs. (25) and (26) results in a system of ord1Oary differential equatIOns for f(~) and 
ip(~) 10stead of two partial differential Eqs. (25) and (26). 
The latter procedure results m the following dependency of the radIUs of spread10g on 
time, R{t}= GtO SO , where constant G can be detenmned in a similar way to [21]. This 
exponent IS Identical to the previous Eq (22). The only difference IS the pre-exponential 
factor, which IS determined by the dependency of the surface tension on the surfactant 
concentration. Hence, during the first stage of spread10g the more general dependence 
(24) results in the same power law dependence on time of the mov1Og front Eq. (22) as a 
Simplified l10ear dependence (2). 
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2.3.1.2 Spreading: Second Stage 
During the second stage of spreading, the boundary condition (14) should be used. 
r 
SimIlar to the first stage, let us introduce a new vanable .; = 02S , then the solution of 
t 
Eq. (25) and (26) is h(t, r) = f(';), r(t, r) = 9'o(fo) , where two unknown functions 
t 
f(';) and <P(';) obey a system of ordinary differential equatIons. 
However, In contrast to [21], the latter system mcludes r'(r) = ~ ~fo)), that IS does 
not give a similanty solutIOn as in [21]. However, as time progresses, ~(io) ~ 0, the 
t 
latter denvative of the surface tension tends to r1 ~fo)) -t r'(O). The latter constant 
does not depend on time. Hence, the result for the second stage of spreading recovers, 
which is Identical to Eq. (23) except for a pre-exponentIal factor. Note, during the 
second stage the similarity solution is recovered only asymptotically and there is no 
sharp transItion from the first to the second stage 
There is however, one substantial difference in the spreading behaviour In the case of 
the general dependence of the surface tension on surface concentration (3) In the 
Simplified case, a very sharp transitIOn from the first stage to the second stage was 
predicted, however, in the general case under consideratIon the second stage, Eq. (23), 
IS reached only after an extended transItion penod from the first to the second stage. The 
latter conclusion is the better agreement With experimental data reported in [21] 
Before proceeding further we give a simple semi-empirical derivation of the power laws 
Eqs (22) and (23) based on the boundary condItions (20) and (27) on the moving front. 
During the first stage of spreading we assumed the boundary condItIOn (13) IS valid in 
the centre of the film and condition (20) on the moving front. The concentration 
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· . ar(R) r(o)- r(R) rm 
gradient on the moving front can be estimated as ":\ - = -- . 
or R R 
Substitution Into the boundary condition (27) results in 
R(t)-2hor'(0{m =2holr'(0~rm or RR(t)-2hor'(0)rm • Solution of the latter R R 
differential equation with initial condition R( 0) = 0 results In: 
(28) 
which coincides with the power law Eq. (22). 
Durmg the second stage of spreading, the boundary condition (14) IS satisfied and the 
same condition (20) on the moving front. The concentration in the film centre can be 
estimated now as: 
r(o)- ;;;2 (29) 
and the concentration gradient on the moving front can be estimated as 
ar(R) 
ar 
r(o)-r(R) 
R 
- Qo) . Substitution of the latter expression Into boundary 
7rR 
condition (27) gIVes R(t)--2holr'(0~;;). SolutIOn of this equation with boundary 
condition R(tl) = RI IS: 
(30) 
where tl IS the Instant when the first stage of spreading is fimshed which can be 
substituted in Eq. (28) to give R(t) - 2(holr'(0 ~rmtl t 50 • 
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Eqs. (28) and (30) give precisely the same exponent as predicted earlier by Eqs. (22) 
and (23) using a more refined theoretical treatment, which allows us to use simIlar semi-
empIrical conSIderation m more complex SItuations m the case of surfactants with 
varying solubIlity. 
To conclude, the deduced power laws ofspreadmg [21] remam valid even m the case of 
general dependence of the surface tension on the surfactant concentration. Hence, any 
deVIatIOn from those exponents should be attnbuted to dIfferent phYSIcal phenomena. 
Below, two such phenomena were considered: 
a) Not only disintegration but also a transport of micelles over the movmg film 
surface, which takes place dunng the first stage of spreadmg onl~ 
b) Dissolution of surfactant molecules into the bulk of the film which takes place 
during both stages of spreading 
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2.3.2 Influence of solubility and transport of 
micelles 
Before deposition of a droplet, the aqueous film IS surfactant free. In the course of 
dissolution of surfactant molecules, the film will be gradually saturated by surfactant 
molecules and the opposite process of adsorption of surfactant molecules on the surface 
form the bulk of the film Will take place. 
Let us estimate the duration of the saturation process of the film with surfactant 
h2 
molecules. The charactenstlc time scale of this process IS t. ~ D ' where D IS the bulk 
diffusion coefficient of surfactant molecules. In our case, h - 0 05cm, D - 10-6cm2/s. t. 
can be evaluated to be approximately 2500s, which IS more than 1000 times longer than 
the duratIOn of the spreadmg expenments. Hence, the "thin aqueous film" from thiS 
pomt of view can be considered as "an infimte1y deep" one. 
All surfactant molecules desorbed from the surface are Immediately transferred by 
diffuSIOn into the bulk of the film. This shows that desorptlon of surfactants from the 
surface of the film mto the bulk should be taken into account where as we can neglect 
the mverse transfer from the bulk of the film back onto the surface (adsorption) over 
duration of our expenments 
If the dissolution of surfactant molecules from the surface IS taken into account, then Eq. 
(4) for the time evolutIOn ofthe liquid profile remains unchanged. However, instead of 
Eq. (4) dunng the first stage of spreading, we have the followmg two equations: 
ar 1 a 
-+--(ru(r,h)r) = Nj-aT' 
at r ar 
ae +.!.~(ru(r,h)c)=J-,Bc 
at r ar 
(31) 
(32) 
where N is an average number of the mdividual molecules m a micelle, j IS a flux of 
micelles which dismtegrate mto the indlVldual molecules, a and ~ are rates of 
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dissolution of individual surfactant molecules and micelles mto the bulk respectively, 
and c IS the surface concentration of micelles. 
Eq. (32) and the transport of micelles over the liquid surface deserve further explanation. 
In [21], It was assumed that micelles dlsmtegrate only m the centre and not transported 
by the surface flow Here, we suggest relaxmg this assumptIon and we assume instead 
that micelles are transported along the liqUid surface and dISintegrate from above to 
keep the monolayer completely filled by surfactants. Note, the transfer of micelles 
above the monolayer may result m a formation of a spot ofbi-Iayer with higher surface 
tension. Formation of such spots IS purely speculative and at the moment, we do not 
have any experimental confirmation of this phenomenon. 
Dunng the second stage of spreadmg (after all micelles are dissolved/disintegrated) the 
only equation left is the conservatIOn law for the indiVidual surfactant molecules: 
ar 1 a 
-+--(ru(r,h)r)=-aI' at r ar 
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(33) 
2.3.2.1 First stage of spreading: transfer/disintegration of 
micelles 
The duration of the first stage of spreading, tl, in our experiments (as well as in [21]) 
was approximately 0 Is. By assummg the dissolution of both individual surfactant 
molecules and micelles during this stage are neglected, thIS means that both conditions: 
1 
-»t f3 I 
(34) 
(35) 
are satisfied simultaneously. The latter assumptIOns are made to sImplify our theoretical 
conSIderation. However, this assumption can be VIOlated under experimental condItions 
This means that the rate of spreading deduced below is the maxImum attainable 
spreading rate during the first stage. If the condition in (35) IS violated but the condItion 
(34) IS not, then thIS will mfluence only the total duration of the first stage of spreading 
and the maximum spreadmg rate deduced below Will not be affected The maxImum 
spreading rate during the first stage will only be affected If the condItion (34) IS violated. 
In thIS case, the real spreading rate during the first stage WIll be lower than the 
maximum rate 
If both condItions (34) and (35) are satisfied, the system of Eqs. (31) and (32) can be 
rewntten as follows: 
ar 1 a . 
-+--{rn{r,h)r) = Nj 
at r ar 
ac la{{)c). 
-+-- rn r,h = } 
at r ar 
Let us mUltiply Eq. (37) by N and add to Eq. (36), which results in: 
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(36) 
(37) 
aA I a 
-+--(ru(r,h)A) = 0 
at r ar (38) 
where A = Ne + r is the total concentratIon of indIvidual surfactant molecules on the 
surface. 
Let us now make the followmg simphfymg assumptions: 
DISIntegration of micelles on the film surface results m a complete coverage of the 
surface monolayer by surfactant molecule. This means that durmg the first stage 
everywhere behind the movmg front, the concentration of indIvidual molecules IS equal 
to the maxImum pOSSIble value, r m. Thus the surface tension is equal to ItS mimmum 
value, 'Yoo. 
The surface completely covered by surfactant molecules behaves as a ngid surface in 
the tangentIal directIon. 
Using these assumptIons, we deduce m AppendIx A conditions on the moving front 
dunng the first stage of spreading (A.S), (A.6) and (A 8). 
We assumed above that the surface of the film moves as a rigid flat surface. This means 
2nru (r, h ) = 2nR R or: 
RR 
u(r,h)=-
r 
(39) 
If we now assume a quasi-steady state flow of the hqUld in the film below the movmg 
surface, then the velocity profile becomes: 
• 
u(r,z)= RrR ~ (40) 
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SubstItutIon of Eq (40) Into boundary condItion (A 5) results in condItIon (19) and 
substItution into boundary condition (A 6) results In R = R . That is, the boundary 
condition (A 6), in contrast to the previous consideration does not provide an equation 
for the moving front. Hence, a new condition is requIred in the case under conSIderation 
This condItIon IS the total force balance: the total fnctlOn force applied from the mOVIng 
liquid to the spreading film surface should be equal to the total stretchIng force applied 
on the moving front. 
The total frictIOn force is: 
where we use the velocity profile given by Eq. (40) 
The total surface stretchIng applied on the mOVIng front is 271R(ro - rJ. Since these 
two forces must be equal: 
The integral In the latter equatIOn can be estImated as j (dr) - .!!:.. , hence, we conclude 
oht,r ho 
R.!!:.. _ Yo - Y- or R(t) _ (2(Yo - Y_) t)O 50 • The latter equation shows that even In this 
ho 17 17 
extreme case of Influence of surfactants on the front motIOn, the spreadIng law remains 
unchanged as predIcted by Eq (22); the exponent IS still equal to 0.50 in the spreading 
law. 
The only remaining assumption left IS an assumptIon of quasI-steady flow in the liqUId 
film under the part covered by the monolayer surfactants. Below, we relax this 
assumptIon 
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Let us assume again that the surface of the film moves as a TIgtd flat surface and also the 
solid surface moves so fast that only thin hydrodynamic boundary layer forms under the 
film. This is In line with our expenmental observations, where the duration of the first 
stage was in the range of 0.1 s and the velocity of the front was very high The solution 
of the problem is presented In Appendix B, which results In the following expression for 
the moving front during the first stage: 
R{t) - :4t0 75 and (41) 
whICh can be conSidered as a maximum attainable spreading rate during the first stage 
of spreading. In Eq. (41), P and v are the liquid and kinematic VISCOSity, a-I is a 
dimenslOnless constant (see AppendiX B for details). 
To calculate the thickness of the boundary layer under the movmg rigtd surfactant 
monolayer and the corresponding velOCity profile, the exact system of differential 
equatIOns and boundary conditIOns (B 14) - (B 19) should be solved numerically. 
However, to calculate the thickness of the film, h., behind the moving front, we have to 
calculate the velocity profile only in a vicinity of the moving front. 
Let us introduce a thickness ofthe boundary layer, 0, which is calculated approximately 
in [29] in a vicinity of the moving front as. 
( 
_)050 
o=A../vi8(x)-A../vi 1-~ (42) 
Eq. (42) shows that the thickness of the boundary layer below the moving rigid 
surfactant layer is equal to zero on the moving edge, o(R) = o. Hence, the radial 
velocity of the liqUid, u(R, z) = 0, 0 < z < h_ , everywhere below the moving edge of the 
TIgtd surfactant layer according to the defimtion ofthe boundary layer. 
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AccordIng to the boundary condItIon (A.S), whIch now should be rewritten as 
. .-
R (h _ - ho ) = f . The latter equatIon results in' 
.-
whIch shows that In this case there is no "shockwave" on the moving front in the case 
under consideration. That is, in thIS case the rigid surfactant layer "slIdes" over the 
surface of lIquid film and does not create any "shockwave" ill front. The latter 
conclusion is substantIally different from the predIctIon accordIng to Eq. (19), which 
was predIcted based on quasI-steady state flow In the film. Eq (43) shows that the 
liqUId IS not "pushed" by the moving front In the case under consideratIon. Hence, the 
film left behind the front IS unchanged. 
This conclusion IS an agreement with the experimental observations. There was not any 
formation of eIther "shockwave" on the mOVIng front or depreSSIOn in the centre 
observed dunng the fast first stage of spreadIng In the case of low soluble surfactants. 
However, both the "shockwave" and the depreSSIOn formed dunng further stages of 
spreading in the case of low soluble surfactants when the front motion slowed down. 
Both "shockwave" on the moving front and the depreSSIOn in the centre of the film 
formed during the fast first stage of spreading in the case of soluble surfactants. ThIs 
conclusion wIll be used below for the consideratIon of the dry spot formatIOn. 
Note, Eq (41) was deduced under the follOWIng assumptIOns: 
a) Instantaneous disintegration of micelles on the film surface and as a result the 
surface layer is completely packed with surfactant molecules 
b) DIssolution of both mIcelles and mdlVldual surfactant molecules were neglected 
c) The monolayer was assumed rigid in the tangentIal dIrection 
d) Reynolds number is hIgh enough and the flow takes place only m a thin 
boundary layer under the surfactant monolayer 
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ViolatIOn of any of the above assumptions will results in a slower movement of the 
liquid front as compared With the predicted Eq. (41). 
Let us consider the first assumption. The velocity m a vicimty of the centre is given by 
Eq. (39) as u(r,h) - 2..-;:42(050, that IS should grow over time to keep the film surface 
4r 
rigid However, the rate of disintegration of micelles has a finite limited value. Hence, 
as time progresses the rate of dlsmtegration of micelles will become unable to provide 
enough mdlvidual molecules to keep the surface ngid. 
. 
The last assumption of high Reynolds number on the movmg front: Re _ R ho ~ 1 
v 
According to Eq (41) we conclude that, 
(44) 
Decreases with time and the adopted assumptIOn Re;:: 1 become mvalid over time. If 
we adopt an estimate that Re> 100 should hold dunng the first stage of spreadmg, then 
the duration of thiS penod accordmg to Eq. (44) Will be 0.08s, which is in a reasonable 
agreement With experimentally observed duration 0.1 s. 
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2.3.2.2 Second stage of spreading 
Below we Ignore the presence of the transitIOn stage of spreading. The second stages of 
spreading starts after all micelles are diSIntegrated, and the flow becomes quasi-steady, 
that IS, the lIqUid flow occupies the whole film, not Just a thin boundary layer. Hence, 
the friction becomes higher. In thiS case, Eq. (33) describes the surface concentration 
distribution over the film. Let us multiply Eq (33) by 2w and integrate from 0 to R 
taking Into account boundary condition (20) on the moving front. The latter results in: 
dQ 
dt =-aQ, (45) 
R 
where Q(t) = 2;; Jrrdr is the total amount of surfactant molecules on the surface and Qo 
o 
is the Initial amount of surfactants. Integration of the latter equation results In: 
(46) 
The latter equation shows that" 
a) The total amount of surfactants on the film surface decays over time 
exponentially 
b) The spreading process finally stops because all surfactant molecules dissolves in 
the bulk of the film 
We still assume that thiS time interval is much smaller than the charactenstic time scale 
of diffusion of surfactant molecule In the deep of the film and complete saturation of the 
film by surfactant molecules 
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Now the concentration gradient on the mOVIng front can be esttmated similar to the 
I' 'd ar(R) r(o)- r(R) prevIOus qua Itattve consl eratton as ---ar R 
the latter expressIOn Into boundary conditIOn (27) gives 
Q e-at 
o 3 ,Substttutlon of 
1lR 
. Qe- Q -R(t) - -2hor'(0) 0 3 = 2holr'(0 ~ oe 3 ,Solution of the latter differential equation 1lR 1lR 
With boundary condition R(tl ) = RI is: 
(47) 
Eq (47) shows that: (i) at slow dissolution, that is, at t - t, ~ -.!..., we recover Eq, (30) in 
a 
the case of soluble surfactants, (n) at t - t, ~ -.!..., the radius of spreadIng tends to a 
a 
limiting value, Roo': 
(48) 
That is the spreadIng front gradually tends to a limlttng posltton Roo and stops after this 
position is reached, The conclusion IS as follows: the dissolution of surfactant molecules 
results in a slower motion of the front as compared With the prediction (24) or (30) for 
Insoluble surfactants and it results in a full stop of the motion in the end, 
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2.3.3 Short summary of theoretical predictions 
In R 
2 a 
b 
In RID 
c 
In t 
FIgure 12: Motion of the spreading front: short summary of theoretical pre<iIchons. (a) 
Low soluble surfactants; (b) Intermediate solubIlity of surfactants; (c) HIghly soluble 
surfactants. 
The summary is presented In Figure 12, where our predictIOn of the spreadIng front 
motion are summarised for the cases of low soluble, intermediately soluble and hIghly 
soluble surfactants. 
In the case oflow soluble surfactants «a) in FIgure 11), the first fast stage of spreadIng 
proceeds as R{t}- At0 75 (according to Eq (41» , while the second slower stage of 
( 
Q J025 
spreading develops as R{t)- 8holr'{O~-:{t-tl}+Rt (accordIng to Eq. (30», 
that is R(I) - (t - (1)°25. Note, the flow during the first fast stage of spreadIng IS located 
In a thin boundary layer Hence, the spreadIng law should be independent of the film 
thIckness accordIng to the theoretical predictIOn above. 
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In the case of highly soluble surfactants «c) in FIgure 12), the first stage of spreadmg 
proceeds as R{t)- 2(holr'{o~rmtrO (accordmg to Eq. (28», whIle the second stage 
accordmg to Eq. (47), R(t)-(8holr'(O~~~(I-e-a(t-t'))+Rtr5 and 
( )
025 R~ - 8holr'{O~ ~~ + Rt accordmg to Eq. (48) That is the spreadmg front does not 
move beyond the limItIng position R",. 
In the case of mtennediateJy soluble surfactants «(b) in FIgure 12), both the first and 
second stages of spreadmg are sItuated m between cases of low and highly soluble 
surfactants. 
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2.4 Experimental 
2.4.1 Materials 
Surfactants used m the experiments Were analytical grade sodium dodecyl sulphate 
(SDS) purchased from Fisher SCientific UK, 99% pure dodecyltnmethylammonium 
bromide (DTAB) and Tween® 20 from Acros Organic UK, and Tergltol® NPlO from 
Slgma-Aldrich UK. The CMC and molecular weights of surfactants are gIVen in Table 1. 
The solid substrate used m the spreadmg experiments IS a 20cm dIameter borosIlicate 
Petri dish. Aqueous solutions of these surfactants were prepared at concentrations above 
theCMC. 
Critical Micelle Concentration 
Materials Molecular Weight, g/mol 
(CMC), mmol/l 
DTAB 308.35 15.60 
SDS 288.38 8.30 
NPIO 651.00 008 
Tween"" 20 1227.54 005 
Table I: Molecular weIghts and CMCs of surfactants used 
We assumed that the lower the CMC, the lower the solubilIty of the correspondmg 
surfactant IS (see Table I). This means that DTAB has the hIghest solubIlIty, SDS has 
intermedIate solubIlIty, NPIO and Tween® 20 are low soluble surfactants with Tween® 
20 having the lower solubilIty. 
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2.4.2 Methodology 
~ 1 t:::;:==:::::===2:::l 5 
7 
6 
Figure l3: SchematIc diagram of expenmental set-up. I - Synnge, 2 - Surfactant 
droplet; 3 - Petn dish; 4, 5 - llluminators; 6 - High speed camera; 7 - CPU umt. 
10 ml of delOmsed water were used to create a unifonn thin aqueous layer, which covers 
the bottom of the Petn dish. De-wetting of the aqueous layer does not occur because the 
Petri dIsh was properly cleaned before each experiment accordIng to the folloWIng 
protocol. The Petri dish was cleaned by (1) soaking It In chromIc acid for 50 minutes, (ii) 
extensIVely nnSIng with distIlled and delOnised water after that, and (Hi) dned in an 
oven By spreadIng 10 ml of distilled water, a thIn water layer wIth thickness 0.32 mm 
was depOSIted evenly across the surface of the Petri dIsh. A small amount of taIc 
powder was homogenously smeared over the surface of the aqueous layer to trace the 
motion of the lIquid front under the action of surfactants. HIgh precisIOn 5 III HamIlton 
syringe (HamIlton GB Ltd UK) was used to Inject a constant volume of aqueous 
surfactant solutions on the top of the water layer. A mechanIcal manipulator was 
structured to enable placement of the aqueous surfactant solutIon droplet on the thin 
water layer whIlst mimmisIng the kInetIc Impact of the surfactant droplet and capIllary 
waves on the thin water layer. 
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The entire spreading process was captured using a high speed video camera (Olympus i-
Speed) at a rate of 500 frames per second. The recorded video was then analysed wIth 
the accompanying Olympus i-Speed software to enable tracking of the moving front/dry 
spot for the spreading process Three tracking points of the spreading front radIUs were 
measured to obtain an average. The pixel/length cahbration was done using a known 
length. For each concentration of every surfactant, the expenment was repeated to 
produce at least 5 consistent sets of data. Therefore, each expenmental pOint is an 
average of 5 experimental points. No Instabihtles of the moving front were detected in 
any expenmental run. 
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2.5 Results and Discussions 
2.5.1 Experimental improvement 
In all experiments, a formation of a circular moving liquid front was observed (Figure 
14). The front moved from the centre to the periphery of the Petri dish. The time 
evolution of this front, R(t}, was monitored. R(t}, was obtained by averaging three 
measurements of the radius (RI, R2 and R3 in Figure 13). 
Figure 14: Snapshot of spreading over thin liquid layer experiment. 
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All experimental dependences of R(t) were plotted using log-log coordinate system. In 
all cases considered, the motion of the front can be separated into two stages: a fast first 
stage and a second slower stage. The power law exponents were obta1Oed by fitting 
experimental data (WIth a minimal fit of 95%) by straight lines. Note that there is an 
ambiguity m determ10ing the point where the first stage ends and the second stage 
begins. The exponents in the spreading law are relatively sensitive to the selection of 
these "cut-off' po1Ots. However, exponents in the case of high and low soluble 
surfactants were safely separated. 
InItial experiments using pure water droplet was performed to Vertfy the 10ertness of the 
talc powder particles used as tracers. A drop of pure water placed on the surface did not 
produce any spread10g process, thus, allowing the 10fluence of these talc powder 
partIcles to be neglected m the spread10g experiments. 
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FIgure 15: TIme evolution of the moving front of SDS surfactant solutIOn above CMC 
using a 25 !ps CCD camera [21]. 
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A simIlar experiment was done by Starov et. al. [21] USing SOS is shown in Figure 15. 
In their expenments, a CCO camera that was able to capture images at a rate of 25 
frames per second was used. The experimentally obtained spreading exponents were. 
0.60 ± 0.15 and 0 17 ± 0.02 for the first and the second stage respectIvely. The exponent 
for the first stage of spreading has a relatively large error range (± 0.15) in theIr case. 
This large error range IS most likely caused by the limitation of the camera used, which 
restricts only 2 - 4 experimental points (see Figure 15) were taken dunng the fast first 
stage of spreading (approximately 0 - 0.15 s). 
The expenment was repeated USing a high speed camera that can track the time 
evolutIOn of the mOVing front at a rate of 500 frames per second. This allowed more 
frames to be taken dunng the fast first stage of spreading to obtain a higher precision In 
determining corresponding exponents. 
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Figure 16: Time evolutIOn of the moving front of SOS surfactant solution above CMC 
USing a 500 fps high speed camera. 
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Figure 16 shows the front motion of a 3 III droplet of SDS solution at concentration 
above CMC captured by a high speed camera at a rate of 500 fps. The spreadmg 
exponents of both the first and the second stage are found m Table 2. Comparison With 
literature (FIgure 14 [21)), It is obvious that more information of the spreading front 
motion can be obtained for the much shorter first stage of spreadmg using a camera that 
have the capability to capture more frames per second This advantage Improves the 
reliability of the subsequent extracted spreadmg exponents. 
Video Camera Type I Concentration, Droplet Spreading Exponent 
Frame rate, fps gll Volume, JlI 
1st Stage 2nd Stage 
CCD/25 20 3 0.60±0.15 o 17±0.02 
HI-Speed I 500 20 3 0.56± 0 02 0.18 ± 0.03 
Table 2. Companson of spreadmg exponents obtamed usmg a CCD Video camera [21] 
and a high speed camera m spreading experiments. 
For the first stage of spreadmg, the first stage exponent obtained IS 0.55 ± 0.04, which is 
relatively close to the predicted 0.50 in Eq. (28) as well as the reported 0 60 ± 0.15 m 
[21]. The second stage of spreadmg produced 0.17 ± 001, which is Similar to [21] 
However, experimentally obtained exponents were dissimilar to the predicted 0.25 in Eq 
(23). A reason for this deviation was highlighted in [21], where dissolution of 
surfactants into the bulk of the film must be accounted. The effects of solubility of 
surfactants on the spreading exponents will be discussed further In the follOWing section. 
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2.5.2 Effects of surfactants' solubility 
Theoretical treatment in Section 2.3 showed that the tIme evolution of the motion of the 
spreading front is significantly influenced by the solubihty of the surfactants. In the next 
set of expenments, highly soluble surfactants, mtermediate1y soluble surfactants and 
highly insoluble surfactants were studied to compare with the predicted theory. Note, 
although the term highly insoluble surfactants were used here, these surfactants were 
still substantIally soluble m water to form a dispersed solutIon. It was assumed that the 
higher the CMC, the higher the solubihty. 
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Figure 17: Log-log plot of spreading front agamst tIme of surfactants With different 
solubility: 
The apparent significance of surfactants With different solubihty can be seen m Figure 
17. Both the upper curves are experimental data ofNPlO and Tween® 20, both havmg 
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the lowest solubility, while the middle curve represents SOS, which has the 
Intermediate solubihty, and lastly, the bottom curve whIch is the OT AB WIth the hIghest 
solublhty. 
Table 3 shows the foJIowing trend' decreasing the solublhty of the surfactants results in 
an increase of both exponents for the first and second stage of spreading OT AB is 
twice more soluble than SOS, however, they give SImilar exponents dunng the first 
stage and very much dIfferent for the slower second stage. In the case of OTAB, the 
spreadIng front was observed to reach a hmlting positIOn as predicted by Eqs (47) and 
(48) In the case of highly soluble surfactants (FIgure 17). 
Spreading Exponent 
Materials CMC,mmolll 
1st Stage 2nd Stage 
OTAB 15.60 0.54± 0.02 0.00±0.01 
SOS 8.30 o 56±0 02 0.18 ±0.03 
NPI0 0.08 o 65 ± 0.02 0.23 ±0.01 
Tween"" 20 0.05 0.73 ± 0.01 028 ±O 00 
. Table 3: First and second stage spreading exponents for surfactants WIth dIfferent CMC . 
In contrast, In the case of low soluble surfactants, NPI0 and Tween® 20, the first stage 
was found to have an exponent of 0 65±0 02 and 0.73±0.01, respectIvely. The latter is 
very close to the maximum theoretical value of 0.75 (Eq. (41». The second stage gIves 
the foJIowlng exponents 0.23± 01 and 0 28±0 00, respectIvely, whIch are also very close 
to the theorehcaJIy predicted exponent 0 25 (Eq. (30». The dIfferences in both the first 
stage and the second stage exponents can be attnbuted to the CMC values. The CMC 
value of NPIO IS 008, whIch is almost twice bigger than the CMC value 005 of 
Tween®20. 
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FIgure 18: The tIme evolution of the moving front for highly msoluble surfactants NP I 0 
and Tween® 20 dunng the first and second stage spreadmg. 
FIgure 18 compares separately the time evolutJon of the spreadmg front in the case of 
low soluble surfactants NPIO and Tween® 20. This figure shows a very close 
resemblance of the behavIOur of the front for these sImilar surfactants. The significant 
dIfference between surfactant NPlO and Tween® 20 IS the molecular weights (NPIO is 
almost twice smaller than Tween® 20) (see Table 4) 
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Molecular Spreading Exponent 
Materials CMC 
Weight, g/mol 1st Stage 2nd Stage 
NPI0 0.08 651.00 0.65 ± 0 02 023 ± 0.01 
Tween""20 0.05 122754 0.73 ± 0.01 0.28±0.00 
Table 4: Expenmentally obtamed first and second stage spreading exponents for 
insoluble surfactants with different molecular weights 
Table 4 showed that the molecular weIght (at low solubIlity) does not mfluence 
substantially the exponents in the first or second stages. The mdependence of the 
spreadmg process of molecular weight can be explained as follows. The molecular 
weight of surfactant molecules IS essential for (I) surfacelbulk diffusIOn (the hIgher the 
molecular weight, the lower the diffusion is), (11) kinetIcs of adsorptIon on the surface 
(the hIgher the molecular weIght, the lower the adsorptIon kinetIcs IS). However, both 
processes (dIffusion and adsorption) are neglected m the processes under consideratIOn. 
Accordmg to the theoretical prediction, the maxImum attainable velocity of the front 
dunng the first stage (Eq. (41)) IS reached m the case of insoluble or low soluble 
surfactants In this case the flow is located in a thm boundary layer nght beneath the 
film surface. ThIs means that accordmg to the suggested mechanism, the velocity of 
spreadmg does not depend on the film thIckness during the first stage of spreadmg. To 
check the validIty of the assumptIOn made, we mvestigated the kinetIcs of the front 
motIon of low soluble surfactant NPl 0 over two films of different thicknesses 0.32 mm 
and 1.59 mm. In the second case, the thickness was almost 5 tImes bigger than the 
usually used thickness 0.32 mm in other expenments. The film thickness was assumed 
that the water placed onto the substrate (petrI dish) completely wets the surface and 
produce an even thickness of thIS water film. Knowing the dimenSIOns of the Petn dIsh, 
simple calculations revealed the volume of the water that IS needed to produce a water 
film with thIckness required. 
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Figure 19: TIme evolution of the front motIOn of insoluble surfactant NPI0 over 
dIfferent film thickness 0 32 mm and 1.59 mm 
Spreading Exponent 
Film thickness, ho, mm 
1" Stage 2no Stage 
0.32 065 ±0.02 0.23 ± 0.01 
1.59 0.65 ± om No 
Table 5: Spreadmg exponents for the first and second stages for surfactant NP10 wIth 
varying film thickness. 
The experimental results are presented In FIgure 19 and Table 5. This figure shows that 
over the duration of the first fast stage, the spreadIng kinetICS of the front motIon IS 
identical over these two dIfferent films. The spreading exponents of the first stages for 
cases with O.32mm and 1.59mm are 0.65 ± 0.02 and 0 65 ± 0.01 respectively. After the 
first stage of spreadIng IS over, the kInetIcs becomes very much dIfferent as it should be. 
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In the case of the thin film of 0 32 mm, the flow occupies the whole film thickness and 
the fnctton becomes hIgher. ThIs results in a slower motIOn of the front. However, m 
the case of the thicker film of 1.59 mm, the flow sttll does not reach the bottom of the 
film and the friction IS therefore lower, which allows a faster motion of the front. Figure 
19 confirms the theoretical assumption on a flow m a thm boundary layer of the hquid 
under a rigid surface completely covered by surfactants 
2.5.3 Trisiloxanes 
In the next set of experiments, 1.5 Itl droplets of 7 dIfferent types of tristloxanes 
solutions at concentration 20 gll were used. The tIme dependency of the spreading front 
is shown m FIgure 20 and the corresponding spreadmg exponents tabled m Table 6. 
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FIgure 20: Logarithmic plot of the time evolutton of the spreading front for 7 dIfferent 
types of trislloxanes. 
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Spreading exponent 
Materials Molecular weight, glmol 
1st Stage 2no Stage 
T3 426.86 0.44 ± 0,03 OIl ± 0 01 
T4 470.92 0.52 ± O.oI 0.12 ± 0.02 
T5 51498 053 ± 0.01 0.10±001 
T6 559.04 0.63 ± 0.02 0.12 ± 0 01 
T7 603.10 0.73 ± 0.05 0.20 ± O.oI 
T8 647.16 0.76± 0 02 o 12±001 
T9 691.22 0.80± 0 01 013 ± 0 01 
Table 6: FIrst and second stages spreadmg exponents for tnslloxanes 
From Figure 20 and Table 6, experimental results show that increasing the solublhty of 
trislloxanes (by increasing the ethoxylate groups), the hIgher the spreadmg exponents 
for the first stage of spreadmg. HIghly soluble tnslloxane T9 shows the hIghest 
spreadmg exponent with the rate of 0.80 ± 0.01 whIlst the least soluble tristloxane T3 
gives only 0.44 ± 003. The second stage proceeds with a more or less constant rate 
approximately 0.11 ± 0 02 WIth the exceptIOn of T7 where the second stage is 0.20 ± 
001. We can conclude that the spreadmg exponents are highly dependent on the 
solublhty of the trislloxanes. 
However, the spreading exponents for T3 - T9 m Table 6 cannot be directly compared. 
Slmtiarly to conventional surfactants, trisiloxane surfactants have their specific values 
of cntlcal concentrations. Thus the constant concentration used (20 gll) does not provide 
a good baSIS for comparison However, the chosen concentration 20 gll are relatively 
hIgh concentration, i.e. tnslloxanes surfactants managed to reach more or less its 
mimmum surface tension at that concentration (FIgure 21). 
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Figure 21: Surface tensIOn measurements oftnslloxanes T4 - T9. 
In the next set of expenments, tnsl10xanes T4, T6 and T8 were compared m ratios of 
concentrations relative to thetr respechve cntica1 wettmg concentratton (CWC) The 
CWC concentrattons were chosen as thIS concentration reflects the concentrattons at 
which superspreadmg were observed in hterature. These concentrattons were 0.428, 
0.552 and 0.790 mM for T4, T6 and T8 respectively [30). 
T8 T6 T4 
1st Stage 2nd Stage Ist Stage 2nd Stage 1st Stage 2nd Stage 
5CWC 0.71 ± 0.01 0.16±001 0.40 ± 0.02 - 0.43 ± 0 01 025 ± 0.03 
CWC 0.71 ±O 02 0.15 ± 0.02 046±002 0.14±002 0.38 ± 0.02 0.21± 0 00 
O.4CWC 0.42 ± 0.03 0.12 ± 0.01 046 ± 0.02 0.13 ± 0.01 0.36±0.00 022±001 
Table 7: FIrst and second stage spreadmg exponents for T4, T6 and T8 at rahos of the 
cntica1 wetting concentrations. 
98 
From Table 7, the trend of decreasing first stage spreadmg exponents when solubility of 
trisiloxanes decreases can be observed. T8 achieved the highest spreading exponent at 
concentratIon CWC and above whIle below thIS CWC, the spreadmg exponent IS 
relatively slow. The spreadmg exponent 0.71 ± 0.02 achIeved by T8 matches the 
spreading exponent exhIbited by conventIonal surfactants (m the case of highly 
insoluble surfactants). This is interesting as T8 IS relatively highly soluble. However, 
both T4 and T6 showed relatively slow first stage spreading exponent even at 
concentrations above the CWC. This mdlcated that apart from concentration, there is 
also other significant condItIon which affects superspreadmg. At respectIve CWCs, 
tnsIloxanes T8 was found to superspread at room temperature where as m the case of 
T6 and T4, no superspreading was observed. This showed that temperarure could be a 
significant factor in determmmg the spreading exponents. 
In the next set of experIments, we investIgated the depOSItIon of 3 III drop of ethylene 
glycol monododecyl ether surfactants WIth 4, S and 6 ethoxylate groups at 
concentrations 20 times the CMC. The reason for choosing thIS group of surfactant was 
to determme do conventIonal surfactants (containing ethoxylate groups) achieve the 
same solubility dependency as exhIbIted by trisiloxanes The results for CI2E4, CI2ES, 
and CI2E6 are plotted m FIgure 22 and the spreadmg rates are tables m Table 7 
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Figure 22: Logarithmic plot of spreadmg front against time for ethylene glycol 
monododecyl ether surfactants. 
Molecular weight, Spreading Exponent 
Materials CMC,mM 
glmol l't Stage 2.0 Stage 
C12E4 362.55 0.050'''' 0.51 ± 0 01 0.21 ± O.oJ 
Cl2E5 406.61 0.085['" 065±001 O.15±001 
CI2E6 45066 0.087l'''' 0.72±002 0.16 ± 0.02 
Table 8: First and second stage spreadmg exponents, surfactants' properties for ethylene 
glycol monododecyl ether surfactants 
We observed that CI2E6 which is the most soluble surfactant shows the highest 
spreadmg rates (0 72 ± 0.02), while less soluble C12E4 shows slower spreading rates 
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(0.51 ± 0.01) for the first stage of spreading. For the second stage of spreading, C12E4 
has a spreading exponent of 0.21 ± 0.01 while C12E5 and C12E6 show spreadmg 
exponents 0.15 ± 0.01 and 0.16 ± 0.02 respectIvely. In this set of experiments, we found 
just like before, as surfactant's solubility increases, so does the spreading exponents 
The fact that C12E6 aclueved the highest spreading rates (0.72 ± 0.02), which is similar 
to trisiloxane T8 mdicated that Marangoni force may not be the dommant force for 
superspreadmg to occur. Ethylene glycol monododecyl ether surfactants are also 
capable of achieVing similar spreadmg exponents. Another Interesting point to make IS 
that, we do not exclude the possibility of superspreading phenomena IS only restricted to 
trisiloxane surfactants only. 
Expenments With both tnsiloxane and ethylene glycol monododecyl ether surfactants 
exhibit a similar trend whereby the spreading rates dunng the first stage increases as the 
solubility Increases. However, the solubility does not seem to influence the spreading 
rates dunng the second stage of spreading, With the exceptIon of both T7 and C12E4. 
According to theoretical predictions, when solubility Increases, spreading rates for both 
the first and second stage would decrease as well. Our expenmental findings revealed 
the possibility of another different transfer mechanism of the surfactants. We assume 
that bulk properties of surfactants Itself Influences the magnitude of the surface tensIOn 
gradient driving force. Tnsiloxanes were found to undergo self-assembly process at 
speCific temperablres and concentratIons where superspreadlng was observed. The 
theoretical models were developed on the basis that micelles disintegrate to provide a 
continuous supply of surfactants to the front edge to sustain spontaneous spreading. 
Therefore, existence of different types of aggregates might be significant in influenCing 
the surfactants' transfer to the edge. 
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2.5.4 Dry spot formation 
As mentioned earlier, dry spot in the centre of the film forms in some cases and in 
others does not, which is in agreement with experimental observations. In all 
experimental cases, the dry spot formation (if any) was detected during the intermediate 
stage of spreading, which is after the first stage of spreading was completed. This means 
that the dry spot forms if the thickness of the film in the centre was thin enough, that is 
in the range of surface forces action, to rupture after the first fast stage is over. This 
section will discuss the conditions at which these dry spots would occur with relation to 
the theory. 
2.5.4.1 Insoluble surfactant 
Figure 23: Spreading of insoluble surfactants NPIO and Tween® 20 showing no dry spot 
formation. 
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Figure 23 shows that insoluble surfactants NP I 0 and Tween® 20 does not form when 
1.5 fll surfactant droplet at concentration 20 g/I were used on varying film thickness 
(Table 9). The experimental data presented in Table 6 shows that in the case of low 
soluble NP IO and Tween® 20 solutions, the dry spot did not form at all (fast moving 
front) (Figure 23). 
Materials Film thickness, Iz o First Stage Exponent Dry Spot Exponent 
NPIO 0.32 0.65 ± 0.02 No 
NPIO 1.59 0.65 ± 0.01 No 
Tween"" 20 0.32 0.73 ± 0.01 No 
Table 9: The non-occurrence of dry spots for msoluble surfactants at different film 
thickness 
In the case of insoluble or low soluble surfactants as predicted by Eg. (4 1), the 
spreading rate of the front is the highest. However, according to Eq. (43), the height of 
the moving front is zero. The latter means that the thickness of the film left behind the 
fast moving front is bigger than in the case of slower motion predicted by Eq. (23). This 
result in a higher possibility of the dry spot formation in the case of a slower moving 
front compared to the case of a fast moving front. 
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2.5.4.2 Highly soluble surfactant 
Figure 24: Spreading of highly soluble DTAB where an irregular dry spot formed. 
In the case of high soluble DT AB (slow moving front), a dry spot of irregular shape 
formed (Figure 24). The irregular shape of the resulting dry spot impaired the 
possibility of measuring the formation rate. In the case of DTAB can be explained as 
fo llows: according to theoretical prediction, Eqs. (47) - (48), the moving front slows 
down and eventually stops in the case of DTAB solutions. However, the formed dry 
spot still tends to expand. These two opposite trends caused instabili ty of the dry spot 
front. 
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2.5.4.3 Intermediately soluble surfactant 
Concentration, Droplet First Stage Dry Spot Duration of 
gll Volume, 111 Exponent Exponent First Stage, s 
20 1.5 0.56 ± 0.02 - 0.15 
20 3.0 0.55 ± 0.04 0.25 ± 0.01 0.30 
40 1.5 0.55 ± 0.02 0.25 ± 0.02 0.20 
Table 10: Dry spot exponents for mtermedJately soluble surfactant 
The situation is completely different in the case of intermediately soluble SDS solution. 
Solubility of SDS (and so does the front velocity) is intermediate between DTAB and 
NP IO or Tween® 20. In the case of "small" droplet (1.5 f.ll and concentration of 
surfactant 20 gll), the dry spot did not fonn and the situation was similar to that 
presented in Figure 23. 
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Figure 25: Spreading of SDS either 3 III "big" droplet and "Iow" concentration, and 
"small" droplet with "high" concentration. Fonnation of a unifonn dry spot is clearl y 
seen fo r both cases. 
Duration of the first stage in this case was - 0.15 s. To investigate the dry spot fonnation, 
we tested two different cases: a "big" droplet (3 Ill) at "Iow" concentration 20 gll (but 
still above CMC), and a "small" droplet (1.5 Ill) at "high" concentration 40 gIl. In both 
cases, the dry spot of a regular shape was fonned (Figure 25). The duration of the first 
stage was 0.3 s, which is longer than in the case of "small" droplet and "Iow" 
concentration (0.2 s). This shows that in the intennediate case, the increased duration of 
the first stage results in a thinner fi lm in the centre and the consequent rupture and a dry 
spot fonnation . 
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2.6 Conclusion 
An experimental procedure was designed to Investigate the influence of Marangoni 
force on spreading of surfactant solution over thin aqueous layer. Our expenmental 
observations can be summarised as follows: 
a) In all cases under consideration, two stages of the front motIon were observed: 
the first fast stage, followed by a slower second stage 
b) Both the first and the second stages of spreading consIderably depend on the 
solubIlIty of surfactants' the hIgher solubIlIty, the slower both the first and 
second stage. 
c) If the solubility is hIgh enough, then dunng the second stage, the front reaches 
some final position and does not move any further 
d) The lower solublhty, the higher the exponent in the spreading law dunng the 
first stage and for low soluble surfactants, the maximum attamable exponent is 
0.75. 
FormatIon of the dry spot In the centre is determined by the speed of the first stage, and 
hence, the dry spot forms In the case of soluble surfactants and does not form in the case 
of insoluble surfactants 
A theoretical treatInent of the kinetIcs of spreading was suggested. According to the 
theoretical predictions, low soluble surfactants produced a faster first and second stage. 
Experiment results shows that a low soluble surfactant (Tween® 20) produced a power 
law exponent of 0.73±.01, being closest to the maxImum attainable spreading rate 0.75 
predicted theoretIcally (Eq. (41». For highly soluble surfactant DTAB, the solubihty 
was most significant dunng the second stage where the spreading front reached some 
final posItIon and does not move any further In agreement WIth the theoretIcal 
predIctions. 
The same experiments were carned out using superspreading tnslloxanes. Expenmental 
results using tnsIioxanes T3 (highly Insoluble) - T9 (highly soluble) showed that 
increasing the solubIlIty oftnsIioxanes resulted in an Increase of spreadIng rates. This IS 
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m total contradiction of the prediction for conventIOnal surfactants It appeared that the 
superspreading cnteria for trislloxanes IS also dependent on the temperature as reported 
in hterature. Trisiloxanes were found to undergo self-assembly process at specific 
temperatures and concentrations where superspreading was obserVed. The theoretical 
models were developed on the basis that micelles disintegrate to prOVIde a continuous 
supply of surfactants to the front edge to sustain spontaneous spreadmg. Therefore, 
existence of dIfferent types of aggregates mIght be significant in influencing the 
surfactants' transfer to the edge. 
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2.7 Nomenclature 
LatIn 
A 
A.B.G 
AD 
Bo 
Ds 
E 
g 
h.H 
] 
N 
Pe 
Q 
r.L.R 
r. Z 
Re 
S 
t 
t/ 
U 
u 
v 
Hamaker constant 
Constants 
DimenslOnless Hamaker constant 
Bond number 
Surface dIffusivIty 
Energy 
GravItatIOnal acceleration 
FIlm thickness, height 
Flux of micelles dIsIntegrating into individual molecules 
Average number of indIVIdual molecule in a micelle 
Peclet number 
Amount of surfactant molecules 
SpreadIng radIUs 
RadIal and vertical coordInates 
Reynolds number 
Spreading parameter 
Time 
The Instant when the first stage of spreadIng finishes 
Characteristic Marangoni velocity 
Tangential velocity 
Liquid kInematIc VIscosity 
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Greek 
a 
p 
r 
r 
1'/ 
J!-
P 
Subscnpts 
* 
0 
a* 
ad 
b 
d 
d* 
hi 
m 
fa 
tl 
Rates of dIssolution of indIvidual surfactant molecules Into the bulk 
Rates of dissolution of micelles into the bulk 
LiqUId-air interfacial tensIOn 
Surfactant concentration 
LiqUId dynamic shear VISCOSIty 
ViscosIty 
Density 
Characteristic time scale 
Characteristic scale 
Initial 
Bulk to liqUId-air surface 
AdsorptIOn 
Bulk 
Dry spot 
Liquid-air surface to bulk 
Head-water interaction 
MaXImum 
Ta!l-air Interaction 
Ta!l-water interaction 
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2.9 Appendices 
Appendix A: Boundary condlttons on the movmg front dunng the first stage of spreadmg 
MultlphcatlOn ofEqs. (2), (3), (31), and (32) by r and mtegratlOn over r from rl to r2, rl < R(t) < 
r2 Yields 
(A 1) 
d r2 T2 
dt frr(t,r)dr+r2u(r2,h2)r2 -rlu(rl,hl)rl = f(JYi-ar)rdr 
~ ~ 
(A 2) 
d ~ ~ 
dt frc(t,r}dr + r2u(r2,h2)c2 - rlu{tj ,hl)cl = f(- } - pc )rdr 
~ ~ 
(A 3) 
where we use the followmg abbreVlatton: f. = J(r, ). The time derivattves m the left hand side 
ofEqs. (A 1) - (A.3) can be transformed m the followmg way: 
d " 
- fif(t,r)dr = 
dt '. 
d [R(') " J 
- f Jr(t,r)dr+ fif(t,r)dr 
dt " R(') 
= (A 4) 
Let us consider the followmg limtts rl tends to R(t) from below (t) and r2 tends to r(t) from 
above (!). In trus hmtt both mtegrals ill the left hand side of Eq. (A 4) Will varush. The same IS 
true for the mtegrals in the nght hand Side of Eqs (A 2) and (A.3). Usmg the same hmtts, we 
conclude 
• h_ 
R(h_ -ho)= fu(K,z)dz (A.5) 
o 
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(A 6) 
(A 7) 
where we used the following condlliOns: no disturbances penetrate in front of the moving front. 
This assumplion results m h+ = ho, r+ = c+ = u(R+,z) = 0, wluch are used for the denvatlOn 
of conditions (A 5) - (A. 7) 
We also used an assumptIOn r(t,RJ = rm , that IS the whole mov1Og film dunng the first stage 
IS completely covered by a monolayer of surfactants. Condllion (A.7) 10clude two condllions 
condllion (A.6) and: 
(AS) 
Condllion (A 5), (A 6) and (A S) are the reqUired boundary conditIOns on the mov1Og front 
dunng the first stage of spread10g under consideration. 
Appendix B. Exact solulion in the case of boundary layer problem' Motion of a ngld disk of 
surfactants over the film surface 
We assume that the length scale m the radial directIOn IS much bigger than the correspond1Og 
length scale m a honzontal dueclion. Under tlus sunphfYJ.ng assumption the NaVler-Stokes 
equatIOns take the following form' 
dU iJv U 
-+-+-=0 
dr dZ r 
With the follow1Og boundary conditions (Eq (40», 
• 
RR 
u(t,r,O)=-
r 
114 
(B I) 
(B 2) 
(B.3) 
2 Rf au(t,r,O)d 2-'>( ) 1rTJ r a r = ILl\ Yo - Y-
o z 
(B 4) 
v(t,r,O) = 0 (B.5) 
u(t,r,oo) = v(t, r, 00) = 0 (B 6) 
where v(t,r,z) is the aXIal velocIty. Note, the axes z now dIrected downward and z=O 
correspond to the film surface. 
Below we follow the method suggested in [9] However, the problem under consideration is 
substantially dIfferent from that solved m [9] 
Let us mtroduce the followmg new vanables and unknowns marked wIth overbar 
(B.7) 
where A IS a new unknown constant; velOCIties u(1',z), v(1',z) depend on spatial coordinates 
and do not depend on time 
SubstitutIOn of new vanables and unknowns accordmg to (B. 7) mto the system of dIfferential 
equatIOns and boundary condItions (B I) - (B 6) results m the followmg system of dtfferentlal 
equations and boundary conditIOns wIth only two vanables (1',z) mstead of three vanables 
(t,r,z) IIDtlally. 
(B 8) 
au aV' u 0 
-+-+-= ar az r 
(B 9) 
-(- 0)- 3A 2 u r --
, 41' (B.10) 
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frau(r,o) dr = A ro - r_ 
o az 7] 
(B 11) 
V(i',o) = 0 (B 12) 
U(i',oo) = v(i', 00) = 0 (B 13) 
The system of equatIOns and boundary conditions (B.8) - (B 13) include the followmg three 
d1ffienslOnal parameters kinematic and dynanuc VISCOSity, v, 11, and surface tensIOn difference, 
Below we mtroduce new dlmenslOnless vanables and values (wluch are marked by the same 
symbols with an overbar). 
_ r 
r~= 
A 
u u~--=:~ 
O.75A 
_ z 
z~-
..Iv 
___ v~= V~ 
O.7S..Iv 
where p is the water density, a is a new dimenslOnless unknown parameter (see below). 
Usmg the latter new notations, we can rewnte system (B 8) - (B.l3) as follows. 
auavu o -+-+-= ar az r 
U(i',o) = 1 
'f- au(r, 0) J::' 1 
r "\ ur =-2 
o oZ a 
V(i',o)=o 
116 
(B 14) 
(B 15) 
(B 16) 
(B 17) 
(B.l8) 
u(r, 00) = v(r, 00) = 0 (B 19) 
The latter results in' 
(B.20) 
The systems (B 14) - (B 19) mc1ude one unknown dlmensionless constant, a, and do not 
mc1ude any other parameters. Tlus means that: 
a-I (B 21) 
The dlmenslOnless constant a can be deterrmned by a numencal mtegratlOn of the system (B 14) 
- (B.19) 
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Chapter 3 Influence of Marangoni force on 
spreading of surfactant solutions 
(Concentration below CMC) 
3.1 Introduction 
Spreading behaviour In the presence of surface tension gradients frequently shows 
Instabllittes [1 - 2]: fingenng mstablhty of the hquid films driven by temperature 
gradients [I], sttck-shp phenomena when a hquid contaimng surface-acttve molecules 
advances on a hydrophlhc sohd results in an instablhty of the moving front [2]. The 
presence of Instablhttes is an interesting phenomenon m Its own rights. However, on the 
current stage it is dIfficult to extract mformation on propertIes of surfactants from 
experimental data on instablhttes. Hence, it is Important to select a method, whIch 
aUows Investtgating the dynamIC properties of surfactant solutIOns on the hqUld-air 
interface WIthout instabIlities occumng. 
It has been shown earher [3, 4] that investIgatIOn of the motIOn of a front after 
depositIOn of a smaU droplet of aqueous surfactant solutIOn on a thin aqueous layer 
aUows investigating separately the Influence of Marangom phenomenon on the 
hydrodynamic flow. In this case the capIUary and gravitational forces can be neglected 
[3]. The suggested method results In a stable motion of the wetting front. The latter 
aUows extracting propertIes of surfactants on a liqUId-air mterface. The same method 
was used for an investigatIon of propertIes oftnslloxane solutIOns [5]. 
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(a) 
water layer 
o surfactant droplet 
(b) 
moving front 
water layer liquid film 
R(t) 
Figure 1: (a) a small droplet of aqueous surfactant solutIon is deposited on a top of thin 
aqueous layer of thickness ho; (b) cross sectIOn of the system' R(t) - radIUS of a circular 
moving front, r(t) - radIUS of dry spot in the centre, h - the height of the movmg front 
Consider a schematic of the expenmental procedure (FIgure 1). a small droplet of an 
aqueous surfactant solution is deposited on the top of the imtIally uniform thin aqueous 
film (thickness ho) as m FIgure la. The latter results in a formation of a depression in 
the centre ofthe film and a moving front forms (FIgure 1 b). 
When a droplet of a surfactant solution is depOSIted on a clean liqUid-air interface 
tangential stress develops on the liquid surface. The latter is caused by the non-unIform 
distnbutlOn of the surfactant concentratIOn, r, over a part of the liquid surface covered 
by the surfactant molecules. The latter leads to surface stresses and a flow (Marangoni 
effect) [6] 
,m(r,h) dyor 
17 az dr a; (1) 
where 11 and u are the dynamic shear ViSCOSIty of the liquid and tangential velOCIty on 
the liqUid surface h, respectIvely; (r, z) are radial and vertical coordmates; '}(I) is the 
dependency of the liquid-air mterfacial tenSIon on surface concentration of the 
surfactant. The surface tensIOn gradient-dnven flow induced by the Marangoni effect 
moves surfactant molecules along the surface and a dramatic spreadmg process takes 
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place The liqUId-air interface devIates from an imtially flat position to accommodate 
the normal stress occurnng in the course of the motIOn. ThIS process IS referred below 
to as a spreadIng process 
The consideration in [3] was restricted to the case of insoluble surfactants. Surface 
diffuSIOn was neglected In [3] as compared to convective transfer. The latter assumption 
was proven to be valid [3,4]. 
Surfactants of different solubility at concentrations above CMC [4] were used to 
investigate the influence of surfactant solubIlity on the spreading process. It was shown 
that the time evolution of the moving front proceeds in two stages: a rapid fIrst stage 
associated with diSIntegration of micelles, which is followed by a slower second stage, 
when all micelles were already disintegrated. The time evolution of the moving front 
substantIally depended on the surfactant solubIlity. An exact solution for the evolution 
of the moving front was deduced for the case of Insoluble surfactants at concentratIOn 
above CMC. A qualitative theory was developed to account for the Influence of the 
solubIlity on the front motion Expenmental observations [4] are In a good agreement 
with the theory predictIOns. 
The duration of that stage IS fixed by the InItial amount of micelles in the deposited 
droplet. The fast stage IS followed by the second slower stage when the surfactant 
concentratIOn decreases in the film centre but the total mass of surfactant remains 
constant over the whole film In the case of insoluble surfactants and decreases over time 
In the case of soluble surfactants. In both cases a solution provides a power law 
dependency predictIng the position of the moving front, R(t), as time proceeds [4]. 
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3.2 Theory 
In the experiments in Section 3.3, a droplet of surfactant solutIOn With concentration 
below CMC was placed m the centre of a thin aqueous film (FIgure I) which the mitial 
concentration of surfactant Co < CMC. Expenmental observations showed that as in the 
case of concentration above CMC two distmct stages of spreadmg take place: (I) a first 
fast stage, and (u) a second slower stage. TIllS is similar to the case of the concentration 
above CMC [4]. However, the physical reason behind those stages IS substantially 
different from the case of high concentrations above CMC. 
During the first stage the depOSited droplet serves as a reservoir of the surfactant 
molecules, hence, surface concentratIOn of smgle molecules is kept constant during that 
stage in the centre. That IS, the followmg boundary condition are satisfied durmg the 
first stage of the movmg droplet contact line, L(t} (Fig. 2): 
(2) 
where r,q (co) is the eqUlhbnum adsorption isotherm and Co IS the mitial concentration 
mside the droplet. 
surfactant droplet 
water layer 
Figure 2: The first stage. Small aqueous surfactant solution droplet depOSited on the 
surface of pure water film. Concentration of surfactant mside the small droplet IS Co· 
RadIUS of the droplet base is L(t}. 
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The following assumptions have been adopted In the boundary condition (2): (i) there is 
an equilIbnum on the edge of the surfactant droplet, L(t), and the edge of the liquid film 
(FIgure 2); (ii) the radius of the small lIquid droplet, L(t), is much smaller than the 
radIUs of the moving front, R(t), that is L(t) « R(t); (Iii) the dissolution of surfactant 
molecules from the small droplet into the underlying pure water can be neglected dunng 
the first stage. 
Assumption (i) is precisely the same, which was adopted earlIer [3, 4]. It is not In 
contradiction With our previous and current experimental data However, thiS can be 
violated in the case of surfactants, which undergo a reonentation on the lIqUid-air 
interface. Assumption (u) allows using the boundary condition (2) at the centre of the 
lIqUid film. The spreadIng of hqUld droplets on the surface of the film of the same liqUId 
[7] obeys the same power law as the spreadIng over dry sohd substrate in the case of the 
complete wettIng (which is obviously the case under consideratIOn) and proceeds 
accordIng to the following power law dependency, L(t) = A· to I , where r is the droplet 
base radius and the constant A was calculated In [7]. It will be shown below that 
R(t) '" B to S dunng the first stage, where B IS a constant. That IS, the development of 
the spreadIng front, R(t), proceeds much faster than the spreading of the small droplet. 
The latter was confirmed by our direct experImental observations. Note, the surfactants 
solution from the droplet, penetrates Into the underlYIng water film and, hence, 
dL = v _ V h , where vsp is the velOCity of spreading, which IS equal to dt 'P , 
V'P = 0.1 A rO' according to the prevIOus and vsh IS the velOCity of shnnkage, caused 
by the penetration of the droplet directly Into the underlying water film. The latter rate IS 
proportional to the area of the droplet base, V,h = C ·m} , where C is a constant. Hence, 
the dependency of the radius of the droplet base on time can be descnbed by the 
following differential equation: dL = 0.1 A· t -0' - Cm} . SolutIOn of the latter equation 
dt 
shows that the droplet radIUS goes via a maximum value and disappears With a 
characteristic time scale, tl '" _1_, where Lo is the imtial value of the droplet base. 
nLoC 
Assumption (liI) can be Justified using the consideratIOn presented In [3] It means that 
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the charactenstIc time scale of dissolution of surfactant molecules should be 
substantIally bIgger than the time of spreading and disappearance of the small droplet. 
Our expenmental data WIth two surfactants of different solubility confirm the valIdIty of 
thIs assumption for those two surfactants. 
The slower stage was observed when the concentration In the small droplet was below 
CMC and fast first stage was not detected by the regular camera used in [3] Below, a 
high speed VIdeo camera was used that allowed detection of the presence of the fast first 
stage even In the case of surfactant concentration below CMC. Past t I , a second slower 
stage starts. Dunng the second stage the total mass of surfactant remains constant in the 
case of non-soluble surfactants and decreases In the case of soluble surfactants. 
ConSIderation presented In [3] to deduce the following power laws for the first stage: 
(3) 
and 
(4) 
dunng the second slower stage, where A I and A2 are constants, whIch can be deduced 
uSing consideratIOn SImilar to that presented In [3, 4]. Note, the two power laws Eqs. (3) 
and (4) were deduced for the case of insoluble surfactants and thus, modIficatIOn is 
needed for the case of soluble surfactants. 
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3.2.1 First stage of spreading 
In [4] a very sImple semi-empIrical derivatton of the dependency of the moving front on 
ttme was suggested. Those derivations were based on the boundary conditions on the 
moving front. 
The concentration gradient on the movmg front can be esttmated as 
ar(R)_ r(O)-r(R) _r(O)= req(co) 
R ar R R 
(5) 
where the boundary conditIOn on the movmg front was used [3,4]: 
r(R) = o. (6) 
The next boundary condltton should be sattsfied on the moving front [3, 4]: 
(7) 
The latter condItion detenmnes the front motton. Substitution of the estimation (5) into 
. _I rm I_I Irm the boundary conditton (7) results in R(t) - -2hOf (O)R = 2hO f (0) R or 
RR(t) - 2hO 1r'(O)lr m . Solution of the latter dIfferential equation with imtial condltton 
R(O)=O results m: 
(8) 
The latter power law coinCIdes with Eq. (3), whIch was deduced for insoluble 
surfactants. Hence, according to the simphfied derivatIOn used the deduced power law 
Eq. (8) does not depend on the solubility of the surfactant molecules. The latter 
conclusIOn was satisfied in the experiments below. 
124 
3.2.2 Second stage of spreading 
It was shown in [4] that the influence of solubility of surfactant molecules results In the 
folloWIng dependency of the total amount of the surfactant molecules on the film 
surface: 
(9) 
where Qo is the Initial amount of surfactants at the beginning of the second stage and 
11 ais a characteristic time scale of surfactant molecules dissolutIOn. 
Eq. (9) shows that (i) the total amount of surfactants on the film surface decays over 
time exponentially and (il) the spreading process finally stops because all surfactant 
molecules dissolve Into the bulk of the film. 
Now the concentration gradient on the mOVIng front can be estimated similar to the 
ClnR) nO) - r(R) 
prevIous qualItative consideratIOn as [4]: " -
ur R 
Substitution of the latter expression Into boundary condition (7) gives 
Q -at 
R(t) - -2hO r'(O) =O,,--e..,,-;cR3 
Q -at 
2hOIr'(O)1 oe 3 . Solution of the latter differential 
1CR 
equation with the boundary condition R(tJJ = RI, is 
(10) 
The latter equation shows that; (i) at slow dissolution rate, that IS, at 1 -11 «11 a the 
power law (4) in the case of Insoluble surfactants Will be recovered, (11) at 1 -11 »11 a 
the radius of spreadIng tends to a limitIng value, R.:. 
(11) 
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that is the spreading front gradually tends to the limiting posItion R~ and stops after this 
positIOn is reached. 
The conclusIOn is as follows: the dissolution of surfactant molecules results III a slower 
motion of the front as compared with the predictIOn (4) for insoluble surfactants and it 
results in a full stop of the motion in the end of the process 
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3.3 Experimental 
3.3.1 Materials 
Surfactants used in the experiments were analytIcal grade sodIUm dodecyl sulphate 
(SDS) purchased from FIsher SCIentific UK, 99% pure dodecyltrimethylanunonium 
bromIde (DTAB) from Slgma-Aldrich, UK. The CMC and molecular weIghts of 
surfactants are given m Table 1. The solid substrate used in the spreadmg experiments is 
a 20 cm dIameter boroslhcate Petri dish. Aqueous solutIOns of these surfactants were 
prepared at fractIons of cntical micelle concentratIon (CMC). The surfactant solutIOns 
were subjected to an ultrasonic bath to ensure a well mIxed concentration. 
Critical Micelle Concentration 
Materials Molecular Weight, g/mol (CMC), mmolll 
DTAB 308.35 1560 
SDS 288.38 830 
NPIO 651.00 0.08 
Tween<!!l20 1227.54 0.05 
Table 1: Molecular weIghts and CMCs of surfactants used 
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3.3.2 Methodology 
5 
7 
3 
Figure 12: Schematic diagram of experimental set-up. 1 - Synnge; 2 - Surfactant 
droplet; 3 - Petn dish; 4, 5 - Illuminators; 6 - High speed camera; 7 - CPU unit. 
10 ml of deionised water were used to create a unifonn thin aqueous layer, which covers 
the bottom of the Petri dish De-wettmg of the aqueous layer does not occur because the 
Petri dish was properly cleaned before each expenment according to the followmg 
protocol. The Petri dish was cleaned by (I) soakmg It m chromic acid for 50 mmutes, (ii) 
extensively nnsing with distilled and deionised water after that, and (m) dried m an 
oven. By spreadmg 10 ml of distilled water, a thm water layer With thickness 0 32 mm 
was deposited evenly across the surface of the Petri dish. A small amount of talc 
powder was homogenously smeared over the surface of the aqueous layer to trace the 
motion of the hquid front under the action of surfactants. High preciSIOn 5 J.ll Hamilton 
synnge (Hamilton GB Ltd UK) was used to mJect a constant volume of aqueous 
surfactant solutions on the top of the water layer. A mechanical manipulator was 
structured to enable placement of the aqueous surfactant solution droplet on the thin 
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water layer whilst mInimisIng the kInetic impact of the surfactant droplet and capillary 
waves on the thIn water layer. 
The entire spreadIng process was captured using a hIgh speed video camera (Olympus i-
Speed) at a rate of 500 frames per second. The recorded video was then analysed WIth 
the accompanyIng Olympus i-Speed software to enable trackIng of the mOVIng front/dry 
spot for the spreading process Three tracking points of the spreading front radius were 
measured to obtain an average. The plxelJlength cahbration was done using a known 
length. For each concentratIOn of every surfactant, the experiment was repeated to 
produce at least 5 consistent sets of data. Therefore, each expenmental point is an 
average of 5 experimental points. No instabtlities of the moving front were detected in 
any experimental run. 
129 
3.4 Results and Discussions 
Figure 3: Screenshot extracted from the surfactant spreading over thin water layer 
experiment. Formation of the moving front is clearly seen. 
All experimental dependences of R(t) were plotted using log-log coordinate system. In 
all cases considered, the motion of the front can be separated into two stages: a fast first 
stage and a second slower stage. The power law exponents were obtained by fitting 
experimental data (with a minimal fit of 95%) by straight lines. Note, there is an 
ambiguity in determining the point where the first stage ends and the second stage 
begins. The exponents in the spreading law are relatively sensitive to the selection of 
these "cut-off' points. However, exponents in the case of high and low soluble 
surfactants were safely separated. 
Initial experiments using pure water droplet was performed to verify the inertness of the 
talc powder particles used as tracers. A drop of pure water placed on the surface did not 
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produce any spreadmg process, thus, allowing the influence of these talc powder 
particles to be neglected m the spreading experiments. 
The assumption that the lower CMC the lower solubility of the correspondmg surfactant 
is (see Table 1) was employed. This means that DTAB has a higher solubility compared 
to SDS. For the concentration studied for DTAB, observed two stages were observed, 
with the second stage reaching a limiting position as the surfactant starts to dissolve into 
the liquid layer underneath. 
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Figure 4' Log-log plot of spreading front against time for surfactants at concentrations 
below the CMC. 
Companson of SDS and DTAB (see Figure 4) at concentrations 0.1 CMC shows Similar 
first stage spreadmg exponents (0.48 ± 0 02). The latter exponent is very close to the 
theoretically predicted value 0.5 accordmg to Eqs. (3) and (8). These exponents do not 
depend on the surfactant solubility as predicted by Eq (8). 
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Spreading Exponent 
Materials CMC,mmol/l C/CMC 
1 sI Stage 1 Duration 2na Stage 
SDS 8.3L'J 0.1 048 ± 0.021 0.15s 0.21 ± 0 01 
DTAB 15.1 LO] 0.1 0.48 ± 0.011 0.2s 0.Q3 ± 0.01 
Table 2. Properties and concentrations of surfactants used and expenmentally obtaIned 
spreading exponents 
During the second stage, SDS continues to spread at a slower rate (0.21 ± 001), which 
is close to the theoretical value 0 25 deduced for Insoluble surfactants. The latter means 
that at the time scale used In the experiments (1 sec) SDS can be considered as Insoluble 
surfactant. It is the reason why surfactants with lower solubility as compared with SDS 
were not used. SDS behavIOur turns out to be very close to the predicted behaviour of 
insoluble surfactants. In the case of highly soluble DT AB the moving spreading front 
reached a limitIng posItion (Figure 4) as predicted by Eq. (11) 
At low concentrations, the spreading exponents were influenced by the preparation of 
the surfactant solutions. As the surfactant concentrations used were below CMC, 
changes In the air-water interface area would affect the amount of surfactants in the bulk 
solution (see Figure 5). 
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Figure 5: The dIfferent Interface area for surfactant solutIons prepared. 
A slight decrease In the spreading exponents was observed (see Table 3) for both types 
of surfactants when comparing the two dIfferently prepared surfactant solutIons. The 
errors in the spreadIng exponents are found to vary by approximately 10%. However, 
this error was not obvious in the logarithmIc plot. 
Spreading Exponent 
Materials C/CMC Interface area, cm2 
1st Stage 2n• Stage 
SOS 0.1 3.8 0.48 ± 0.02 0.21 ±001 
SOS 0.1 16.6 044±0.01 0.19 ± 0.01 
OTAB 0.1 3.8 0.48 ± 0.01 0.03 ± 0,01 
OTAB 0.1 166 0.44± 0.02 0.03 ±002 
Table 3: SpreadIng exponents when companng Interface areas. 
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3.5 Conclusions 
The time evolution of the spreading front on the surface of thin water film was 
monitored. The spreadmg front was caused by the deposItion of a small surfactant 
droplets and the formatIOn of the non-unIform dlstnbution of surfactants over the 
surface of the water film Concentration of surfactants m small deposited droplets was 
below CMC. Two surfactants of dIfferent solubility were used: SDS (moderate 
solubIlIty) and DTAB (hIgh solubIlIty). According to the theoretical predIctions (I) the 
spreadmg process proceeds in two stages. the fast first stage, which IS followed by the 
slower second stage; (iJ) during the first stage the evolutIOn of the spreadmg front 
proceeds accordmg to the power law with the exponent 0.5, which does not depend on 
the surfactant solubIlity, (m) dunng the second stage the front m the case of msoluble 
surfactant should develop according to the power law with the exponent 025, whIle in 
the case of the soluble surfactant the spreading front should move slower and reach the 
final position. Our expenments showed that SDS on the time scale used (1 s) behaves as 
insoluble surfactant. Our experimental data confirmed the above theoretical predictions. 
134 
3.6 Nomenclature 
Latin 
A,B,C 
Co 
H 
L 
Q 
R 
r, Z 
t 
u 
v 
Greek 
lIa 
y 
r 
'1 
Subscripts 
0 
m 
sh 
sp 
Constants 
Initial concentratton mside droplet 
Film thIckness, height 
Edge of surfactant droplet 
Amount of surfactant molecules 
Spreadmg radius 
RadIal and vertical coordinates 
TIme 
Tangenttal velocity 
VelocIty of spreading 
Charactenstic ttme scale of surfactant molecules dIssolution 
LiqUId-air interfacIal tension 
Surfactant concentratIOn 
LIquid dynamic shear viscosIty 
Inittal 
Maximum 
Shnnkage 
Spreadmg 
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Chapter 4 Spreading and evaporation of 
sessile droplets: Universal behaviour in the 
case of complete wetting 
4.1 Introduction 
Spreading and evaporation of droplets over solid, non-porous surfaces IS a fundamental 
process wIth a number of applications In coatIng, pnnting and paIntIng. In the situation 
of complete wetting on a dry, non-porous substrate, a volatIle liquid droplet undergoes 
two competIng mechanIsms, which occur until the droplet has completely evaporated: 
(a) spreading, whIch results In an extensIOn of the droplet base and (b) evaporation, 
which results in shnnkage of the droplet base The evaporation process alters the 
dynamics of the droplet spreadIng as compared WIth non-evaporating cases through the 
corresponding changes to the radius of the base and the contact angle 
The basics of the process of behaviour of evaporating drops including the influence of 
surface forces action in a viCInIty of the mOVIng three phase contact lIne were developed 
in [1, 2]. Recently, the evaporation process was intensively investigated using 
experimental [3 -10] and computer simulatIOn methods [11 -12]. 
A number of experimental Investigations of the spreading and evaporation of droplets 
have been undertaken in [4 - 8] USIng alkanes and other liquids on a non-porous, 
complete wetting surface. The behaviour of both hangIng and sessile droplets of water, 
octane, and the investigation of profiles of droplets of a polydlmethylslloxane oligomer 
was undertaken in [4]. A further study of the dynamics of these oligomer droplets was 
carried out In [8]. In [5], a model was developed to account for the dynamic behaviour 
of alkane mixtures and [6] predIcted a power law dependency between the radius and 
the contact angle It was confirmed in [9] that USIng varYIng non-porous substrates, the 
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evaporation rate IS directly proportional to the radIUs of the droplet base, as previously 
reported. 
The important conclUSIOn of these investIgations IS the unusual dependency of the 
volume of evaporating droplet, V, on time, t: 
dV{t) = -aL{t) 
dt 
(I) 
where L(t) is the tIme evolutIOn of the droplet base radius and a IS a proportIOnality 
constant. Eq. (1) states that the evaporation rate isn't proportIOnal to the surface of the 
evaporating droplet, i e. L2(t), but to the first power of the droplet base. ThIs means that 
the droplet mostly evaporates close to the perimeter. Let us try to rewrite the 
proportIOnalIty constant as a = 2;gM ,J IS a linear evaporatIOn rate (cm/s) and 2Jr1!.L is 
an effective area of a ring VICInIty of the movmg three phase contact lme, where most 
evaporation takes place. 
The above lInear dependency of the evaporation rate on drop base radius has also been 
demonstrated for pInned drops [3, 16] The vapour flux was calculated [16] from a 
dIffusion equation and the evaporatIOn flux along a droplet surface is depicted in Figure 
1. 
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FIgure 1: Evaporation flux along a seSSIle drop surface [16]. 
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The flux mcreases as one move from the droplet centre towards the contact lme at the 
edge. This has been confirmed by mathematically modelling of the evaporating flux 
(FIgure 2) [18]. 
-- M~1111AI 
---- Ml1h1I''n-E 
+----~O~.2----~O~+------O~6------I~l.8-------1~J)---rlR 
FIgure 2: Local mass evaporatton flux along the mterface of a drop of methanol on 
alumimum and PTFE substrates [18] 
However, the physical reason for this phenomenon is yet to be understood. Below Eq. 
(l) is used in the theoretical treattnent of evaporation accompanIed by a SImultaneous 
spreadmg. 
The mam focus of the developed theorettcal model is as follows: If the reduced radius, 
reduced volume and the reduced contact angle are plotted against the reduced ttme, the 
whole array of expenmental date WIll follow a corresponding universal curve. A similar 
theory has been developed earher in [13] for a spreadmg of liquid droplets over dry 
porous substrates m the complete wetting case. 
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4.2 Theory 
ConsIder a small liquid droplet on a complete wetting sohd substrate. The smallness of 
the droplets means that their size is small compared WIth the capIllary length and, hence, 
the actton of gravity on the droplet can be neglected 
The dynamICS of the droplet is defined by two competing mechanIsms: spreading, 
which results In an extensIOn of the droplet base, and evaporatton, whIch results m 
shnnkage of the droplet base. Both processes occur sImultaneously throughout the 
expenment. The change In the droplet's shape is most notably during the imtial 
spreading stage of the droplet, but ItS effect lessens over time Once the spreading effect 
reduces, evaporation becomes the key factor in determining the droplet's dImenSIOns. 
First of all, It is shown that in the expenments presented [4 - 8], the droplet should 
remain a spherical shape in the course of spreading/evaporatIOn From this pOint 
onwards, all the droplets under consideration are expected to be smaller than this 
capIllary length (further dIscussion In Sectton 4 4.2). 
The two important relevant parameters are the Reynolds number, Re, and the capIllary 
number, Ca. Ifboth the Re and Ca numbers are small, then the droplet should retain Its 
spherical shape The Reynolds number charactenses the Importance of inerttal forces as 
compared with VISCOUS forces. In the case of a two dImensional droplet, the Navier -
Stokes equations WIth the incompresslbihty condition takes the follOWing form: 
(2) 
(3) 
Ou Ov 
-+-=0 dx ay (4) 
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-+ 
where v = (u, v) is the velocity vector, the gravity action IS neglected, (x.y) the 
coordmates and p, '1 and p are the liquid density, dynamiC Viscosity and pressure, 
respectively. 
Let u" and v' be scales of the velocity components in the tangential and the vertical 
directions, and r' and h' are the corresponding scales m the horizontal and the vertical 
u' v* 
directIOns. Usmg the incompressibility conditIOn, it IS concluded that -;- = h' or 
• .. h* 
v =EiJ , e=-•. 
r 
au U·. 
The derivative -a can be estimated as -. ,where t - 1 s IS the time of spreadmg over 
t t 
• 
• r 
a distance of about the droplet radius and U = -. Therefore, the followmg estimatIOn 
t 
/~. -1. The terms {~ ) and {~) do not 
influence the obtamed results because both considered terms are small as compared to 
the VISCOUS terms (see below). 
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If the droplet has a low slope, then 0« 1 and, hence, the velocIty scale in the vertical 
direction IS much smaller than the velocity scale in the tangential dIrection. Usmg the 
first Navier - Stokes equation, It is estimated: 
OU OU pU'2 
pu--pv----
ox oy r' (5) 
(6) 
Eqs. (5) and (6) show that all derivatives m the low slope approxImation in the 
tangential dIrection, x, can be neglected as compared WIth derIvatives m the axial 
direction y. The Reynolds number can be estimated as: 
or 
Re=E2 pU'r' 
17 
U'2 
p-,-
r 
pU'h,2 
1]r' (7) 
(8) 
Eq. (8) shows that the Reynolds number under the low slope approximation IS 
proportIonal to 02• Hence, during the initial stage of spreadmg, when 0 - 1, the Reynolds 
number is not small, but as soon as the low slope approxImation is vahd, Reynolds 
pU'r' 
number becomes small even If is not small enough. 
17 
This means that during the short Initial stage of spreadmg, both the low slope 
approxImation and low Reynolds number approxImations are not vahd. However, only 
the mam part of the spreading/evaporation process, which IS after the short mitial stage 
IS over IS considered. 
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It is shown in [14] that Reynolds number should be calculated only in close VICInity of 
the movmg contact lme, where the low slope approximatIOn is valid, because m the 
main part of the spreading droplet, the liquid moves much slower than the Itquid located 
close to the edge moves. Hence, the inertial terms in Navler - Stoke equations can be 
safely omitted after short Initial stage and only Stokes equations should be used mstead: 
au av 
-+-=0 Ox ay 
(9) 
(10) 
(11) 
Ull 
The capillary number, Ca =-, characterises the relative influence of the viscous 
r 
forces as compared with the capillary forces. To estimate pOSSible values of the 
capillary numbers, values of r' - 0.1 cm, y - 30 dyn/cm and 11- 10.2 P (otls) which are 
very close to experimental values, were adopted. Let the droplet edge moves outward a 
distance equals to its radius over 1 s, which can be conSidered as a very high spreading 
velocity. This gives the following esttmation of Ca - 3 x 10-5 « 1. Therefore, it could 
be expected that Ca to be even less than I 0-5 over the duration of the 
spreadmg/evaporation process. 
As mentioned earlter, both the capillary and Reynolds number are very small except for 
the very short Initial stage of spreadmg. The duratton of the Initial stage of spreadmg, to, 
was estimated in [14] immediately after the droplet IS depOSited on the solid substrate. 
In the case of aqueous droplets, thiS Initial stage time is approximately to - 10-2 s. 
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Consider the consequence of the smallness of the capillary number, Ca« I using the 
same example ofspreadinglevaporation ofa two dimensIOnal (cylindncal) droplet. Let 
the length scales In both the x and y direction In the main part of the spreading droplet 
be r·, then the pressure has the order of magnitude of the capillary pressure inSide the 
main part of the droplet, that IS, p - ~ . Using the incompressibility condition, it IS 
r 
perceived that velocity in directIOns, u and v, have the same order of magnitude U· 
The follOWing dimensionless variables, which are marked With an over-bar, wlil be 
introduced: 
_ x 
x=-. , 
r 
- y Y=-., 
r 
_ u 
u = U.' 
Using these variables, the Stokes equations can be written as: 
_ v 
v=-U· 
(12) 
(13) 
It has already been shown that Ca « I, which means that the right hand side of both 
Eqs (12) and (13) is very small. Hence, these equations can be rewntten as: : = 0 
and : = 0 , which means that the pressure remains constant Inside the main part of the 
spreading droplet. 
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The nonnal stress balance on the main part of the spreadmg droplet is: 
- h' c [ 2 {h{OU av) av (h,y au}] 
P = (I + h '2),2 + a-I + h'2 - l ay + ax - ay - ax (14) 
Usmg the conditIon Ca « 1, Eq. (14) can be simplified as: 
h" 
constant (15) 
Even in the case where the droplet profile does not satIsfy the low slope approxImation, 
that IS, even if Ji'2 -1 is not small. ThIs shows that the spreading droplet keeps its 
spherical shape over the mam part of the droplet. Note that the radius of the droplet base, 
L(t), changes over time, and this change results m a quasi-steady state changes of the 
droplet profile In the low slope approximation, the capIllary pressure inside the mam 
,2 
r ' r part of the droplet IS P - R' , where R * is the droplet radIUS, R - J[. Thus, the 
capillary pressure is much smaller than p - ~ . 
r 
.. . _(p)_x_y_u 
Usmg the dlmenslOnless vanables P = (r I R') , x = -;' , Y = f( , U = U' , and 
_ (1/ s) 
v = (v IU)' it can be shown that the nght hand side ofEq. (12) increases by a factor of 
(~: Y ,and the right hand side ofEq (13) increases by a factor of (~:). Nevertheless, 
because of the very small value of the capIllary number «10.5), the conclusion on the 
constancy of the pressure inside the mam part of the spreading droplet remams 
h 
approximately valid. During spreadmg, the ratio - decreases and the capIllary pressure 
r 
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decreases. However, the spreading velocity decreases also, therefore, the above 
conclusIOn remains valid for all stage of spreadIng. 
The smallness of Ca means that the surface tension is much more powerful over the 
main part of the droplet. Hence, the droplet has a spherical shape everywhere except for 
a vicinIty of the apparent three phase contact line. A size of thIs region, !', IS estimated 
in [14) It was shown that the following inequalIty is satIsfied: h· «1* «r·. Hence, 
5: h· • 
u = /1« 1 IS a small parameter inside the vicinity of the movIng contact lIne. This 
means that the curvature of the liquid interface inside the vicinity of the mOVIng contact 
line can be estimated as: 
(16) 
Hence, the low slope approximation is valId inside the vicinIty of the moving contact 
lIne even if the droplet profile IS not very low, that is, even If li 12 - 1 IS not small. 
Therefore, the low slope approximation can always be used Inside the VIcinIty of the 
moving contact line except for the case when the slope IS close to 7tl2. 
Followmg arguments developed in [14), the whole droplet profile can be subdlVlded 
into "outer" spherical region and "inIler" regton in a vIcinity of the mOVIng three phase 
contact lIne. The "outer" solution (under low slope approxImation) IS: 
r <L{t) (17) 
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The latter expression shows that the droplet surface profile remainS sphencal dunng the 
spreading process except for a short initial stage Eq. (17) gives the following value of 
the dynamic contact angle, 8 (tan B '" B) : 
(18) 
or 
(19) 
Note, the contact angle 8 IS an apparent macroscopic contact angle because it is related 
to the "outer" spherical regIOn and does not take Into account the shape of the "Inner" 
region [14]. 
The droplet motion is a superposJtlon of two motions: (a) the spreading of the droplet 
over the solid substrate, which causes expansIOn of the droplet base and (b) shnnkage of 
the base caused by the evaporation. Thus, the following equation can be written: 
dL 
-=v +v dt + - (20) 
where v+, v. are the unknown velocities of the expansion and the shnnkage of the 
droplet base, respectively. 
The derivatives of both sides of Eq. (19) give· 
(21) 
Over the whole duratIOn of the spreading/evaporation process, both the contact angle 
and the droplet volume can only decrease With time Accordingly, the first term on the 
right hand side of Eq. (21) IS posItive and the second one is negative. 
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Comparison of the latter two equatIOns yields: 
v = _.!.( 4V )"3 dB > 0 
+ 3 ;rB4 dt 
(22) 
(23) 
There are two substantially dIfferent characteristic tIme scales m the problem under 
*. • • 
conSIderatIon: tq «t , where tq and t are the tIme scales of the viscous spreadmg 
and the evaporation, respectIvely, and A = t; / t' «1 IS a smallness parameter (around 
0.1 under the chosen experimental condItIons, see below). Both tIme scales are 
calculated below. Hence, L = L(Tq, T,), where Tq is a fast tIme of the viscous 
spreadmg and T, is the slower evaporatIOn time. The tIme derivatIve of L (Tq, T.) is 
[15]: 
(24) 
Compansons ofEqs. (21) - (24) shows that· 
(25) 
(26) 
The decrease of the droplet volume, V, WIth tIme is determmed solely by the 
evaporatIon. Hence, the droplet volume, V, only depends on the slow time scale. 
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According to the prevIous consideratIon, the spreadIng process can be subdIvIded into 
two stages: 
(a) A first fast but short stage, when the evaporatIOn can be neglected, and the 
droplet spreads WIth approximately constant volume. This stage goes In the 
same way as the spreading over dry solids and the arguments developed earlter 
[14] for this case can be used here. 
(b) A second slower stage, when the spreading process is almost over and the 
droplet's dynamICS IS determined by the evaporatIOn. 
During the first stage, the dependency of the droplet base radius can be rewritten In the 
follOWIng form [13]: 
(27) 
where to is the duration of the initIal spreadIng, when the capillary regIme of spreadIng 
is not appltcable and (j) IS an effectIve lubricatIon parameter, which has been dIscussed 
and estimated in [13] Note, the parameter 0) IS Independent of the droplet volume. 
AccordIng to Eq. (27) the charactenstIc time scale of the first stage of spreadIng IS: 
(28) 
where Lo = L( 0) is the radius of the droplet base at the end of the very fast InitIal stage 
of spreadIng. 
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Combmmg Eqs. (27) and (18) gives' 
B=(4V)01(~)03 {t+t t03 
It lOyaJ ° 
(29) 
Substitution of Eq. (29) into Eq. (22) gives the followmg expression for the velocity of 
the droplet base expansIOn, v+: 
v =01- ~ ( 4V)03(IO )01 1 
+ It 1] (t+tO)09 (30) 
Accordmg to Eq. (1), the rate of evaporation is proportional to the radius of the droplet. 
Substitution of Eqs. (1), (25), (26) and (30) into Eq. (20) results in: 
-=01- ~ dL (4V)03(10 )01 1 dt . It 1] (t+tO)09 
aL2 
3V 
(31) 
According to Eq (31), both spreadmg and evaporation proceed simultaneously. This 
gives a system of two differential Eqs. (1) and (31) with the followmg boundary 
conditions: 
(32) 
(33) 
where Vo IS the imtlal droplet volume and Lo is the radIUs of the droplet after the very 
fast Imtial stage is over. 
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Let the system of differential Eqs. (I) and (31) be made dlmenslonless using new scales: 
- L L=-
Lmax ' 
- t t=-
tmax 
, 
- V V=-
V;' o 
_ t 
t =_m_ 
m tmax 
where Lmax is the maximum value of the droplet base, which IS reached at the time 
instant tm, which is to be determined, and tmax is the total duration of the whole process, 
that IS the moment when the droplet completely evaporates. Using Eq. (1) in 
dlmensionless form, it can be concluded that d~ = -tmaxaRmaxL 1Vo • The latter 
dt 
equatIOn shows that the characteristic time scale of the evaporatIOn process is 
t' = Vo I aLma<. Hence, the total duration of the whole process can differ from thiS 
characteristic time scale by a constant only: tmnx = /3t' , where P is a dimenslOnless 
number and is estimated below. Note, that t' and tmax (and hence, f3) are calculated 
below using experimental data. 
The value of Lmax IS determined usmg Eq. (31) at the moment t = tm, when dLI dt = O. 
This gives: 
Using the above defimtion, Eqs. (1) and (31) can be rewritten as' 
dV -
-_ =-/3L 
dt 
151 
(34) 
(35) 
(36) 
with boundary conditions: 
V(O)=1 (37) 
and 
(38) 
- to - Lo 1 - tm 
where t' =--« 1, Lo =--< , tm =-<1. 
t max Lmax t max 
The system of two ordinary differential Eqs. (35) and (36) includes three dlmenslOnless 
parameters, f, /3, and tm . The same symbols with an over-bar are used for the 
dimensionless variables as for corresponding dimensIOnal variables. These parameters 
should be selected using the following four conditions. 
L(l)= 0 (39) 
V(I)=O (40) 
L(tm ) = 1 (41) 
dL(tJ 0 dt (42) 
Note that boundary conditions (41) and (42) are used to determine only one parameter, 
tm : the positIOn of the maximum on the dependency L (I) should cOincide with that 
given by Eq. (41). That is, there are only three independent conditIOns In (39) - (42). 
Differential Eqs. (35) and (36), Initial conditions (37) and (38), and conditions (39) and 
(42) does not include any dimensional parameters of their combinatIOn Hence, f, /3, 
and tm should be dlmensionless universal numbers. This shows that the solution ofEqs. 
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(35) and (36), that is, radius of the droplet baseI(t), the droplet volume, V(t) and the 
contact angle (see below) should be unIversal functions of dlmensionless time. 
Accordmg to system of Eqs. (35) and (36), dlmenslOnless velocities of spreadmg and 
shrinkage caused by evaporation are as follows: 
(- -)09 v=ptm+t' V03 
+ 3((' + :r)09 ' 
8 
-1:;: (t) 
--'J::(~ 
2 
.. ' 
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" .. ' " 
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Figure 3: Dlmenslonless spreading (v+) and evaporation (v_) velOCities according to 
Eq. (43). 
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Figure 3 shows dimenslOnless velocities v+ and v_ calculated according to Eq. (43) 
and system ofEqs. (35) and (36). Figure 3 illustrated that: 
(a) The duration of the first stage is short. The capillary spreading prevails on this 
stage over the droplet base shrinkage caused by the liquid evaporation 
(b) The spreading of the droplet almost stops after the first stage of spreading and 
the shrinkage of the droplet base is determined by the evaporatIOn of the liqUid 
from the droplet. 
Consider the asymptotic behaVIOur of Eqs. (35) and (36) over the second stage of the 
process, when evaporation prevails. Velocity of the expansIOn of the droplet, v+ , 
decreases over the second stage of the spreadmg according to Figure 3. To understand 
the asymptotic behaviour, the term corresponding to v+ In the right hand Side ofEq. (36) 
is neglected. This gives: 
dL V 
---f3-at - 3V (44) 
whilst Eq. (35) IS left unchanged. The system of different Eqs. (35) and (44) can be 
solved analytically. For thiS purpose, Eq (44) IS divided by Eq. (35), which gives 
dL L 
--= = --= . This equation can be easily mtegrated to give: 
dV 3V 
where C IS an integration constant. 
Rewriting Eq (18) usmg the same dimensionless vanables as above results m. 
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(45) 
(46) 
Comparison ofEqs. (45) and (46) shows that the dynamic contact angle asymptotically 
remains constant over the duration of the second stage of evaporation This constant 
4Vo 
value is marked below as Bf. Introducing Bm = 1!L3 ,which IS the value of the 
max 
dynamic contact angle at the time Instant when the mruumum value of the droplet base 
is reached Then Eq. (46) can be rewritten as: 
(47) 
and thIS relationshIp should be a unIversal functIOn of the dImensionless time, t . Eq. 
B 
(47) shows that the integration constant in Eq. (45) is C = -L. 
Bm 
To estimate p, equations WhICh describe the tIme evolution dunng the second stage wIll 
be solved whIlst neglecting the presence of the first stage completely. That IS from Eqs. 
(35) and (36)' 
dV =-/li[ 
dt 
dL V 
at =-f3 3V 
(49) 
with the following condItIOns: 
L(O)=1 
L(I) = 0 
(48) 
(50) 
(51) 
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Note, the first condition is definitely not valid dunng the first stage of spreadmg. 
Solution of the Eq (48) and (49) with boundary condlhon (51) IS given by: 
(52) 
This dependency coincides with the predlcted and experimentally confinued earlier [4-
8]. Usmg now the boundary condition (50), we conclude: 
3fJ fJ=_f <1.5 
2fJm 
(53) 
Because obvIOusly, B f < Bm' Eq (53) IS in a good agreement with experimental data. 
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4.3 Experimental 
4.3.1 Materials 
Alkanes used in our expenments were n-heptane and I-octane purchased from Slgma-
Aldnch, UK. Solid substrates used were microscopIc glass slides, which were cleaned 
pnor to each expenment accordmg to the followmg protocol: (I) soaking with Isopropyl 
alcohol to remove organic contaminants for 30 minutes and rinsed With deionised water; 
(ii) soakmg in chromic aCid for removal of inorganic contaminants for 50 minutes; (iiI) 
extensive nnsmg with distilled and delOnIsed water; (IV) drying in a regulated oven. The 
cleaning procedure was repeated after each time. 
4.3.2 Methodology 
5 
9 
7 
~ 
8 
Figure 4: Schematic diagram of expenmental set-up. 1 - Glass slide; 2 - Enclosed 
chamber; 3 - Tested drop; 4 - Syringe; 5,6 - CCD-cameras; 7, 8 - Illummators; 9 -
CPU umt; 10 - Power assisted fan 
157 
The time evolution of the drop base radIUs, L(I), and the dynamic contact angle, 8(1}, 
were monitored simultaneously (see FIgure 4). 
The substrate was placed m a hermetlcalIy closed and msulated chamber, whIch allows 
strict control of the chamber's environment. The chamber was also equipped WIth a fan 
capable at operating at vanous speeds. An experimental chamber used was descnbed 
earher in [13]. A hIgh precision 10 ILl syringe (Hamilton GB Ltd., UK) was used to 
inject 3 ILl droplets of alkanes on the solid substrate. A mechanical manipulator was 
structured to enable a gentle placement of the droplet on the substrate whIlst mlmmizing 
the kinetic Impact. Experiments were carned out at these conditions for both n-heptane 
and i-octane: (I) at 25°C WIthout fan SWItched on, (11) at 40 °C without fan switched on; 
and (111) at 25°C WIth fan switched on. 
The spreadmglevaporation process were captured at 60 frames per second for the whole 
expenment duration usmg two video cameras, whIch captured SImultaneously side vIew 
and a view from above. The SIde view video Images were analysed using "SclonImage" 
software to obtain the measurements for the contact angle and droplet heIght, whIlst the 
top view Images were analysed using "Olympus I-Speed" software to measure the 
radius of the droplet base. The expenments were repeated to produce at least five sets of 
data for each indiVIdual experimental condition Hence, each experimental pomt plotted 
below is an average of five expenmental points. 
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FIgure 5: Schematic diagram of the experimental set-up used In Umversity of 
EdInburgh. 1 - Glass shde, 2 - Tested drop; 3 - Syringe; 4 - Computer controlled pump; 
5 - CCD camera; 6 - Illuminator; 7 - CPU unit; 8 - Temperature Controller 
Additional expeTIments using identical n-heptane and I-octane were carned out to 
compliment the data from experiments above. In these experiments, a vIdeo camera 
with magnifYIng lens operating at 60 frames per second was used to capture the 
spreadIng/evaporation process from a side view (Figure 5) A computer operated pump 
enabled accurate volumes of droplets to be consistently placed onto complete wettIng 
microscopic glass shdes. In addItion, the experimental apparatus allows the temperature 
of the solid substrate to be VarIed. ExpeTIments were carried out with 3.5 III of n-
heptane and i-octane on glass shdes, which the temperature was varied for 25, 30 and 40 
°C. Measurements of the radius were obtaIned using drop shape analysis software 
(FTA32) 
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4.4 Results and Discussions 
4.4.1 Evaporation rate at drop perimeter 
Literature reported an unusual dependency where evaporation is most significant at the 
drop perimeter according to Eq. (1). 
dV 
-=-aL(t) 
dt 
(1) 
The volume was calculated by rearranging Eq. (18) to V(t) = ~ Ll (t )8(t), where the 
contact angle was calculated according to the low slope approximatIOn as e{t) = 2 ~&~ , 
where h(t) is the height of the drop apex. 
The parameter (l m Eq. (1) was extracted in the foUowmg way, Eq. (1) was integrated, 
which results in: 
v = Vo - a! L{t )dt (54) 
Expenmental values of the time evolution of the drop base radius, drop height and 
contact angle were extracted directly from experimental data. Expenmental 
dependencies of the volume ofthe droplet on time, V(t), were plotted agamst ! L{t )dt . 
Experimental values of the total duration of the spreading/evaporation process, tma:<, the 
duration of the first stage process, tm, the maximum value of the spreadmg radius, Lm, 
and the contact angle, em, were extracted directly from experimental data 
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Figure 6: A comparison of the trends in volume changes between the different sets of 
variables used. 
In all cases, V(t) showed a lmear trend (Figure 6) Usmg these lmear dependencies, the 
proportionality coefficient a was fitted. These linear dependencies revealed that the 
evaporation takes place most Significantly at the penmeter of the deposited droplet, 
which is in agreement with Eq. (1) reported in literature [4 - 9] 
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Fitted a 
Operating Conditions 
n-Heptane i-Octane 
25 ·C, Fan Speed 0 0017 0.018 
40 ·C, Fan Speed 0 0078 0.045 
25 ·C, Fan Speed 1000rpm 0016 0018 
Table 1: Fitted values of a for expenments at varymg conditions. 
Table 1 presents the fitted values of a. Note that the parameter a for experiments 
conducted at 25 ·C IS significantly lower compared With that at 40 ·C. This is expected 
because the evaporation rate mcreases at higher temperatures. However, the 
introduction of a fan into the system does not appear to affect the evaporatIOn rate at all. 
The use of a fan could introduce some convectIOn m the gas phase compared to a 
diffuSIOn controlled condition without a fan [17]. 
4.4.2 Theoretical requirements 
According to the descnbed theoretical requirements in Section 4.2, the droplets must be 
of a spherical shape throughout the spreading/evaporation process The capillary length, 
a, can be expressed as a function of the liqUid's surface tension, denSity and 
graVitational acceleration. Consider, for Simplicity, an example of spreading of two 
dimenSIOnal (cylmdncal) droplets. In the case of water, the capillary length is 
approximately 0 27 cm. Liquids of much lower surface tensIOns and densities were used 
(i-octane and n-heptane) m the experiments, hence smaller capillary lengths (see Table 
2) The spherical droplet shape observed throughout the duratIOn of the experiments 
also confirms thiS. 
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Materials 
Surface tension, l' Density,p Capillary length, a 
(mN/m) (g/cm3) (cm) 
Water 72 50 1.000 0.27 
n-Heptane 20.14 0.684 0.17 
I-Octane 21.62 0.703 018 
Table 2: Surface tensIOn and densIty of JtqUlds used and their correspondmg capIllary 
length values. 
Addl!tonally, the duration of the first stage of spreadmg, fm, should also be much 
smaller compared to the time when the droplet completely evaporated from the surface, 
fmax• The experimentally obtained !tmes fm and fmax (detailed m Table 3) shows that the 
values of fm were always less than 10% of the total spreadmg/evaporation process !tme 
regardless of any expenmental conditIons used. 
It is Important to comment that in the experiments, the values of the dimenslOnless !tme 
when the droplet radIUS reaches its maxImum, tm , are much smaller compared to those 
obtained m literature [5, 7, 8] at approximately 15 - 20%. This discrepancy would have 
a substantial Impact on selection of fitting parameters to generate the above theoretical 
models, which would be dIscussed m Section 4.4.6. 
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Materials T("C) 
Fan Speed 
tm (s) tmax (s) tm (rpm) 
25 0 4 85 0047 
n-Heptane 40 0 3 35 0.086 
25 1000 4 80 0.050 
25 0 3 73 0041 
i-Octane 40 0 2 29 0.069 
25 1000 4 66 0.060 
Table 3: Companson ofmlhal spreadmg time, tm, with total spreadmg/evaporatlOn hme, 
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4.4.3 Universal theoretical models for the 
spreading/evaporation process 
Summanzmg from the theory Section 4.2, a set of equation models was developed to 
predict the behaviour of a sessile droplet undergoing a spreadmg/evaporation process. 
The time evolution of the drop base radlUs, volume, and contact angle should follow a 
umversal behaviour as in the case of spreadmg over dry porous substrate [13]. 
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Figure 7 The time evolution profile of the drop base radius, volume, and contact angle 
under reduced scale. 
Figure 7 above illustrates an example of the spreading/evaporation process in the case 
of complete wetting developed The parameters under investigatIOn are the time 
evolution of the drop base radius, droplet volume, and contact angle. These parameters 
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are plotted under a dlmenslOnless scale The whole process can be dIvided into two 
stages Dunng the first stage, the drop base radius predicted by Eq (36) wIll expand 
rapidly untIl it reaches a maxImum, L m at t = tm after being placed on the substrate 
When the initIal spreading phase becomes almost negligible, a second slower stage 
begIns where the radIUS of the drop base then shnnks towards zero at t = 1 due to the 
evaporation process until the drop dIsappears completely at the moment tmax• 
The time evolutIon of the volume IS predicted by Eq. (35), showmg a linear decrease 
untIl the drop completely evaporates. 
dV = -fliL 
dt (35) 
(36) 
Both Eqs. (35) and (36), are solved using Maple mathematical software WIth inputting 
the unknown parameters and boundary conditions (37) and (38) The tIme evolution of 
the contact angle WIll be generated using Eq. (47). The contact angle should decrease 
rapidly during the first stage (spreadIng) and then reaches an equihbnum value as 
shown m FIgure 7. These universal plots was then extracted and be compared to 
expenmental results. 
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4.4.4 SpreadinglEvaporation experimental results 
The experimental configuratIOns allow monitoring of the droplet from a top vIew and a 
sIde vIew. These two views of the droplet allowed extraction of the time evolution of 
the droplet base radIUs, droplet height, and contact angle. The droplet base radIUs and 
droplet heIght can only be measured up till a certain extent because as the droplet 
becomes increasingly smaller, It became increasingly difficult to pmpomt the exact 
pOSItion of the droplet edge. However, the point when the droplet had completely 
evaporated was safely determined. The volume was then calculated using the measured 
1l 
radius and the height ( V = "2 L2 h) 
OO+---~-----,----~---.----~---.----~---,--~ 
o 20 40 
Time,s 
60 80 
FIgure S' TIme evolution of the drop base radius for two different alkanes at varymg 
condItions. 
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Figure 8 shows the profile of the position of the drop base radIUs for both n-heptane and 
i-octane whilst varying expenmental conditions. The drop base radIUS trend appeared to 
be Similar regardless of the conditions. The drop base expands rapidly upon placement 
on the substrate until It reaches a maximum value, before gradually declines until the 
droplet had completely evaporated. Both n-heptane and I-octane shows this general 
behaVIOur regardless of any experimental conditIOns used. 
Droplet base radius shrinking rate, mmls 
Materials 
25°C 25°C+ Fan 40°C 
n-Heptane - 0 033 - 0 037 - 0.11 
I-Octane - 0.064 - 0.051 -0.12 
Table 4' Droplet base shrinkage rate for both n-heptane and I-octane at various 
condl tlons. 
The droplet base radIUS shrinking rate for n-heptane and i-octane at various conditions 
are tabled In Table 4. It was observed that In general, I-octane evaporated slightly 
quicker compared to n-heptane. In the case of n-heptane, Increasing the atmosphenc 
temperature by 15°C Illcreases the droplet radius shnnkage rate by almost a factor of 4. 
In the case of I-octane, the shnnkage rate only increased by almost a factor of 2. It IS 
interesting to note that the addition of a fan operating at 1000 rpm hardly affect the 
evaporation rate of the droplet. Although the fan should prOVide some convection in the 
system, there were no changes observed III the radIUS profile. 
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FIgure 9: Correspondmg contact angle measurements for two dIfferent alkanes at 
varymg experimental condItions. 
FIgure 9 represents the dynamIC contact angle of the droplet dunng the 
spreading/evaporatton process. For both n-heptane and i-octane, It was observed that the 
contact angle decreases dramaticaIIy upon placement on the substrate before finaIIy 
reaching an eqU1ltbrium value. 
WIth the (a) mtroductton of a fan operating at 1000 rpm m the system, a much smaIIer 
value of eqU1ltbnum contact angle was observed This IS also sImilar when the (b) 
atmospheric temperature was increased by 15°C. The contact angle values for these 
both condlttons are almost IdentIcal in the case of n-heptane and I-octane (Figure 9). 
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The similar contact angle values for conditions (a) and (b) was sutpnsIng as because the 
fan does not seemed to Influence the radIUs profile. 
7t 3 Ll 
V 2soC = - L 2SoCU2soC 4 
(55) 
7t 3 
V2soC+Fan = 4" L 2SoC+FanfJ2soC+Fan (56) 
Companng Eqs. (55) and (56), if the droplet volume was fixed (at 3 Ill), and the radius 
profile IS more or less identical, thus, the contact angle values should be comparable 
Instead, from Figure 8, the contact angle values are Identical for conditions (a) and (b). 
At the moment, there is not a simple explanatIOn for this observation 
4.4.5 Comparison of theoretical models with 
literature 
The theoretical models will be tested by companng experimental data extracted from 
hterature [4 - 8]. Expenmental data on spreading/evaporatIOn of different liqUids 
extracted from hterature has been plotted In the same dimensionless fonn 
The selected parameters to provide the best possible match with experimental data 
aref = 0.002, P = 1.281 and tm '" 0.261 . The duration ofthe first stage is around 0 1 
to 0 01 s [13], and the duration of the total spreading/evaporatIOn is approximately 10-
100 s, which estimates f = 0.001 . TIlls compliments the selection of f = 0.002 In 
calculatIOns to produce the universal dependency that matches expenmental, theoretical 
and literature data as best as possible. The chosen value ~ IS In a good agreement With 
previous estimation (Eq. (53», while tm coincides With the maximum pOSition of 
theoretical dependency. 
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Figure 10: : A dimenslonless radIUs agamst dimenslOnless ttme curve for the behaviour 
of the droplet radIUs companng different hqUlds spreading/evaporating on solid 
substrates extracted from hterature and proposed theoretical model. 
Figure 10 shows the theorettcal model plotted against data of different hquids rangmg 
from water, alkane, and slhcon Oil from Itterature [5, 7, 8] in the form of dlmensionless 
radius of droplet base and time Literature data confirms that the whole 
spreading/evaporatIOn process In the case of complete wetting is divided into two stages; 
(a) A fast first stage, where the drop spreads out until a maximum radius of the drop 
base, Lm, is reached (t = tm ); (b) A second slower stage, when the radius of the drop 
base shnnks due to the evaporation process unttl the drop disappears completely at the 
moment t = 1 (tmax). The radIUS behaVIOur was found to be in a very good agreement 
With the theoretical model. 
171 
3 
1 • Volume - Octane [5] 
-Volume - Theoretical Model 2.5 
I .. 
08 I o Contact Angle - Octane [5] -ell 
.. I 2 = e • < I 
- - Contact Angle - Theoretical Model ::I I .... 
- '" 
-t 06 Cf = .... 
I 15 = "Cl <:> 
.. \ U 
'" 
I 
::I "Cl 
"Cl 04 
\ .. 
.. 0-
'" 
.::: .. 1 ::I .. 0 "Cl .. .. .. 
.::: 
--- 0 
--- 0 0QJ 02 05 -----. 
o 
o 0.2 0.4 06 08 1 
Reduced Time 
Figure 11: DlmenslOnless plot of volume and contact angle for literature and theoretical 
models. 
Figure 11 shows the volume and contact angle behaviour plotted on a dimensionless 
scale. The solid and dotted Ime corresponds to the theoretical models for the volume 
and contact angle respectively For the case of volume and contact angle, only octane 
from [5] was extracted as there was hmited information m hterature However, both the 
volume and contact angle behaviour agrees very well with the theoretical models. 
Overall, the theoretical models with the selected parameters for drop base radIUS, 
volume, and contact angle behaviour were in good agreement with the expenmental 
data extracted from literature. 
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4.4.6 Comparison of theoretical models with 
experimental data 
Experiments USIng alkanes (n-heptane and i-octane) were conducted under controlled 
condItIons where atmospherIc temperature was vaned, as well as introductIOn of a fan 
Into the system. 
The theoretical models were generated by Inputtmg the folloWIng parameters, f = 10-8 , 
f3 = 1.4 and t", = 0.08 to produce curves that would best match the radius, volume and 
contact angle on a dimensionless scale. The value f = 10-8 seemed unreasonable but 
this value was needed to produce the best match The chosen value of ~ IS stIll within 
the estImation of Eq. (53) and t", = 0.08 represents the average dimenslOnless time at 
which the drops reached its maximum radIUS. 
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Figure 12: A dimensionless radIUS agamst dimenslOnless time curve for the behavIOur 
of the droplet radIUS comparing alkanes at different condItions and the proposed 
theoretIcal model. 
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Experiments were conducted for n-heptane and I-octane at different atmosphenc 
temperatures as well as introduction of a fan into the system. Under a dimensionless 
scale, the tIme evolution of the radius falls under a universal profile as shown in Figure 
12. The theoretical model was compared to the experimental data and was found to be 
in good agreement for those chosen parameters. 
In addition, a separate expenmental setup that allows varymg the solid substrate 
temperatures (25, 30 and 40°C) whilst maintaimng the atmosphenc at room conditions. 
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Figure 13: A dimenslOnless radius agamst dimenslOnless time curve for the behaviour 
of the droplet radIUS from a separate set of experiment companng alkanes at different 
substrate temperatures and the proposed theoretIcal model. 
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The same theoretical curve was plotted and It corresponds well with the experimental 
data (Figure 13). The good agreement of the theoretical model with the experimental 
results from these two separate expenments indicates the radius profile form these two 
expenments falls under a common profile. Both sets of experimental results showed that 
the drop base radIUs would imtlally increase until It reaches a maximum value, and then 
began to shnnk until the drop IS completely evaporated. 
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Figure 14' Differences between the theoretical profiles predicted for experimental 
results and literahIre. 
However, there are clear differences (see Figure 14) of the radius profile between 
literahIre and the conducted expenments. Firstly, the time at which this maximum value 
of the radius is reached. LlterahIre data showed that the maximum radius is reached at 
approximately 26% of the total spreadmglevaporatlOn time. However, in the case of the 
two separate experiments, the maximum is reached just before 10% of the total 
spreadinglevaporation time. Secondly, during the evaporation stage, the drop base 
radIUS seemed to decrease more linearly compared to the literahIre data which appeared 
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to follow the theoretical profile more accurately. This seemed to point at an 
expenmental error whIch causes the two obvious deVIations. However, the two sets of 
experiments done uSlllg a different set up altogether under different condItions. Slllce 
the results obtained from two different expenments coincided wIth each other, there 
should be no reason to suspect any error III experimental methods. The only pOSSIble 
source of these deviations would be the use of microscopic glass shdes as the sohd 
substrate. These glass shdes are considered to be rough when compared to the 
molecularly smooth slhcon wafers used in the experiments from hterature [5, 7, 8]. 
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FIgure 15: A dimensionless volume agamst dlmensionless time curve for the behaviour 
of the droplet radius companng theoretical, experimental and hterature data. 
The theory above also predIcted a dimenslOnless umversal dependency of volume on 
tIme. Experimental results presented III FIgure 15 show that the expenmental results 
agreed well WIth the theoretIcal predictIon. 
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Figure 16: A dimenslOnless contact angle, if = B / Bm' against dImenSlOnless time curve 
for the behavIOur of the droplet radIUS comparing theoretical, experimental and 
literature data. 
FIgure 16 displays the expenmentally obtained contact angle measurements. Similarly, 
- e 
the data were plotted as dImensionless contact angle, e = e ' against t (Figure 16). 
m 
Contact angle drops very qUickly once it has been placed on the substrate. The contact 
angle then slows its declIne and reached a steady state contact angle, Bf • SimIlarly to 
radius and volume, the contact angle also follows a universal trend, which agrees well 
WIth the theoretical prediction. 
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4.5 Conclusion 
Consider a small lIquid droplet on a complete wettmg solid substrate. The dynamics of 
the droplet is defined by two competing mechamsms: spreading, whIch results in an 
extensIOn of the droplet base, and evaporatIon, which results m shrinkage of the droplet 
base. Both processes occur sImultaneously throughout the experiment. 
The spreadmg/evaporation process can be dIvIded mto two stages. Ftrstly, a fast stage 
which is mostly determined by the kmetics of spreadmg. The duration of the first stage 
IS considerably small when compared to the overall duration of the 
spreading/evaporation process. Secondly, a slower stage that begIns when the 
evaporation determines the kmetlcs of the drop. Dunng the whole 
spreading/evaporation process, the droplet was observed to retain its sphencal form. 
A system of theoretical models was developed to account for the spreadmg/evaporation 
process. The theoretIcal models developed suggested that the tIme evolutIOn of the drop 
base radius, drop volume, and the dynamic contact angle, would follow a universal 
profile under dimenslOnless variables. 
Volume. dV =-RJ. dt 1'. 
Drop base radius: 
Contact angle: 
To generate the universal profile of the theoretical models, a set of unknown parameters 
should be selected. The parameters were selected to provIde the best fit possIble to 
experimental and lIterature data. 
The theoretical models were tested against expenmental data extracted from literature 
as well as from deSIgned expenments Experiments allowed varying atmosphenc and 
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substrate temperatures as well as Introducing some convectIOn into the system. The 
time evolution of the droplet base radius and height, and the contact angle during the 
spreadIng/evaporation process in the case of complete wetting were monitored. The 
drop volume was subsequently calculated using the Information of the drop base radius 
and drop heIght. 
LIterature has reported an unusual observation that evaporation IS most significant at the 
drop perImeter. Experimental results indicated that the drop volume decrease linearly 
wIth respect to the radIUs of the drop base, which also confirmed this behaviour. 
The drop base radIUs, contact angle and volume from experimental results and literature 
were plotted as dimensionless variables. In both cases, as predicted theoretically, these 
varIables followed a universal profile. However, there were dIfferences In the two 
theoretical models generated separately to provIde the best match to the experImental 
and literature data. PossIble reason for the dIfferences sIngled out on the type of solId 
substrate used. In the experiments, a rougher substrate, glass slIde, were used Instead of 
the molecularly smooth sIlIcon wafer used In lIterature 
Overall, tiIe theoretical models are in relatively good agreement WIth experimental 
results as well as lIterature However, It would be necessary to investigate further on 
generatIng theoretIcal curves of better accuracy by better estimation of the parameters 
within the theoretical models 
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4.6 Nomenclature 
Latin 
C IntegratIOn constant 
a Capillary length 
g GravIty acceleratIon 
h Height of droplet 
L RadIUs of the droplet base 
p Pressure 
t TIme 
U, v Tangential and vertical velocity component 
V Volume 
x, y Coordinates 
Greek 
a Proportionality constant 
y Interfacial tension 
o h *11 *, parameter inside the vicinIty of the movmg contact line 
e h *Ir*, slope of the droplet 
1/ Dynamic vIscosity of droplet 
e Dynamic contact angle of the droplet 
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p Droplet density 
r toltmax 
OJ Effective lubncatton parameter 
Subscnpts 
o Inittal 
e Evaporatton stage 
1/ Viscous 
m Correspond to the moment when the droplet reaches Its maximum radIUs 
max Maximum 
+ Spreading 
Shrinkage 
S uperscnpts 
* Characteristic value 
Dlmensionless 
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Chapter 5 Spreading and imbibition into 
porous powder layers 
5.1 Introduction 
Despite advances in current technology, tablets remain the most widely used method of 
drug delivery. Well-manufactured tablets are extremely stable, provide excellent dose 
uniformity, and are well accepted by users. Like tablets, a lot of products in the market 
are at some point m a powder form in the manufactunng line. Qualities of these 
products are of utmost importance especially in the case of tablets (drugs). Therefore, It 
is Important to carry out extensive quality control methods. 
Characterisation of powders IS Important to ensure its quality and desired properties 
were achieved. However, powders are challengmg materials to characterise because Its 
behavIOur depends on many vanables, mcludmg the properties of the particles 
themselves (e.g., hardness, porosity, size, shape, surface texture) and system vanables 
such as air content and humidity. 
The complexity of powders makes the analysis of powders' behaviour complicated and 
often involves beyond single-number charactensation method A more robust approach 
is to measure powders' properties using reproducible methodologies that quantify 
certain aspects of behaviour m process relevant ways. Relating the resultmg data to 
product performance allows the speCification of powders that will perform in the 
required way m a given process environment. 
Supported by GlaxoSimthKlme (GSK), UK, the idea proposed IS to relate the surface 
properties of powders as a method of characterisatIOn. The powders will be prepared in 
the form of a solid substrate m which wettmg expenments would allow the extractIOn of 
the powders' polar and dispersive components. 
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5.2 Theory 
It is important to note that the powder surface is rough and therefore, the measured 
contact angle does not reflect the "real" contact angle. Theories concerning wettmg on a 
rough surface were proposed by Wenze1 [1] and Cassle-Baxter [2]: 
Cassie-Baxter model; 
cos B"P = tpslcos B"'" + 1]-1 (1) 
Wenzel model; 
cos B"P = K cos B"a' (2) 
where (fxp IS the measured contact angle, (feai is the real contact angle, K IS the surface's 
roughness, and qls is the volume fraction of the solid Unfortunately, neither of those 
theones can be used in the case of powder layers That IS a new theoretical treatment of 
the measured contact angles to determme the real contact angle was developed. The 
theory was developed separately for non-wetting hquid and partially wetted liquids. 
5.2.1 Non-wetting case 
In this case a hqUld does not penetrate inside the powder layer. This means that the 
hqUld IS partially in the contact with particles and partially With air. The powder should 
then behave hke a superhydrophoblc substrate m this case [6]. 
It is obvious that p < R , where R is the particle radius. The volume fractIOn of particles 
is equal to the surface fractIOn of particles. The latter means tps = 1fR2 N , where N IS the 
number of particles per unit area. Hence, the latter equation can be rewntten as 
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N = fPs2 . According to Figure 1 the real !Taction of particles in contact with the liquid 
nR. 
is smaller and is equal to 
""I "P P 2 ()2 fPs = fPs nR.2 = fPs R < fPs· (3) 
Figure I: Non-wetting liquid in contact with particles. Where contact angle B>" / 2 ; P 
is the radius of contact area and; S is the surface of contact. 
Let a = 8""1 - " (Figure 1). From the triangle in Figure 1, it can be concluded that: 
2 
P = RCO{ 8,,·1 -~) = R sin 8,,·1 . (4) 
Hence, 
(5) 
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Consideration of the excess free ener~ results in the following relations between the 
experimentally measured and real contact angles of the powder: 
cos 0"" = <p~"" K "., cos 0"·' - (\ - <p';"' ) , (6) 
where K "" =~= 22mu; , since S=27lRH andH = R(1+ cosB''''' )(Fig. I) 
"P 7rR sm 0,.., 
Therefore, 
I O r~QI K m' = 2 + cos 
sin 2 Brml 
From (6) and (7): 
cosB"" = m sin 2 0"·' 2 cosO"" -I+<p (l-cos2 0"·' ) ( { I +COSO''''') r s . 20"'" S sm 
0 1' 
cos 0 "" = 2<ps (1 + cos 0"·' )cos 0""' - 1 + <Ps - <Ps cos 2 0 "'" 
hence, 
cos OU." = 2<ps cos 0""' + <Ps cos 2 0"'" - 1 + <Ps 
And at last, 
<Ps cos 2 0 "'" + 2<ps cos 0 "·' + (- 1 + !Ps - cos 0" " ) = 0 
which is a quadratic equation fol' the unknown cosB"·'. 
Solution of the latter equation is 
"'" - 2<p, ± ~4<P, - 4!p, (- 1 + <p, - cos OOX" ) 
cos 0 = -....:...::'----'---'-'---'-'--'----'-"----.:.. 
2ffJ, 
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(7) 
(8) 
(9) 
(10) 
(11 ) 
or cos 8 "'" = -1 ± 1 cos 8 "" 1 + - - 1 + ..:..:..:'-'----- (12) 
rps rps 
The positive root should be selected because 0 > cos8"'" > -1 . Hence, finally arriving 
to the following equation which connects experimentally measured and real contact 
angles of powders: 
cos 8"" = -1 + 1 + cos 8 '" (13) 
rps 
Nothing of this kind is known in the literature to the best of knowledge. 
5.2.2 Partial wetting case 
Figure 2: Equilibrium state of the partially wetting liquid with contact angle B < n / 2 
On the top of that equi librium and saturated layer, a droplet of the same liquid can be 
deposited. Consideration of the excess free energy of the system results in the following 
expression 
cos 8 "" = rp';'" K nn' cos 8 "'" + (1 - rp';"') (14) 
which is different from Equation (7) oy the sign in the right hand site. Expression for 
rp;'"' is identical with (4) but for K "Q' we arrive to the following expression: 
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1 (J "al K"al = 2 -cos . 
sm 2 ereal 
Substitution of the latter equation, equation (5) into Eq. (13) results agam in the 
following quadratic equation for the unknown cos(J"al.: 
qJs cos 2 (J"al - 2qJs cos (J"al - (1- qJs - cos (J"P ) = 0 
Solution of the latter equation, which should satisfy the followmg conditions, 
0< cos(J"al < I is: 
1- cos (J"P 
cos (J"al = 1- /"--:'::":"- (IS) 
Equations (13) and (IS) connect the unknown real contact angle of powders with 
expenmentally measured III cases on non-wetting (13) and partIal wetting (IS). These 
equations are used below to extract mformation on wetting propertIes of powders from 
experimental data. The main parameter in equations (13) and (15) IS the surface fractIOn 
of particles in the powder. 
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5.3 Experimental 
5.3.1 Materials 
Fluticasone propionate powders batch numbers C30315 and C282322 were supplied by 
Dr. R. Elliot, aSK. Ethylene glycol (>99.5%), Fonnamide (99%), Hexadecane (>98%), 
and Dnodomethane (99%) were purchased from Sigma-Aldrich(UK), silicon Oil from 
Brookfie1d Engmeenng Laboratories (UK), were all used wIthout further punfication. 
Water used was eIther distIlled or deionised by Mihpore system 
Slhcon wafers and glassware used were cleaned prior each experiment accordmg to the 
followmg protocol: (I) soakmg WIth isopropyl alcohol to remove organic contaminants 
for 30 minutes and rinsed WIth deionised water; (n) soaking m chromic aCId for removal 
of inorganic contaminants for 50 minutes; (iii) extensive nnsmg WIth dIstilled and 
delOnised water; (Iii) drying m a regulated oven. The cleaning procedure was repeated 
after each experiment. 
5.3.2 Methodology 
5.3.2.1 Particle Size Distribution Measurement 
The partIcle size distributions of the powders were measured usmg Coulter LS130 
mIcro-volume module partIcle size analyser. 
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5.3.2.2 Porous Substrate Preparation 
It was necessary to develop a procedure, which allows fonnation of a layer, which (l) 
does not disintegrate, (2) does not develop cracks, (3) allows momtoring both kinetics 
of spreading of lIquid droplet over the powder layers and (4) Imbibition mto power 
layer. It should be noted that there was no indicatIon m literature on preparing these 
powder layers, therefore, deposition of powder layers were done through trial and error. 
A considerable number of different ways of depOSItIon of powder layers was 
mvestigated. Most of those attempts did not satIsfy the above mentIOned cntena (l )-(4). 
The best procedure was found to be as follow 
ApprOXimately 0.04 g of sample powder was placed onto the surface of a silicon wafer. 
Another glass slIde was placed directly on top of the sample powder and lkg of weight 
was used to compress the sample powder for 60 seconds. Extreme care was taken to 
ensure there was not external mterruptIon whlist compressing as this would result in 
cracks appeanng. The procedure resulted in a fonnation of relatIvely stable powder 
layers, which do not disintegrate and do not fonn cracks in the course of 
wetting/spreadmg On other hand the deposited layers were thm enough to monitor 
simultaneously kmetics of spreading of droplets over powder layers and imblbltion into 
the powder layer 
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5.3.2.3 Spreading/lmhihition Dynamic Measurements 
The time evolution of the radius of a drop base, L(t}, the wetted radIUs, I(t}, and the 
dynamic contact angle, 8(1}, of test hqUlds on sample powders C303015 and C282322 
were monitored simultaneously (see Figure 3). 
4 
9 
Figure 3: Schematic diagram of experimental set-up, 1 - Slhcon wafer; 2 - Powder 
layer; 3 - Tested drop; 4 - Syringe; 5, 6 - CCD-cameras; 7, 8 - llluminators; 9 - CPU 
unit; 10 - Enclosed chamber. 
The sample powders were placed in a hermetically closed and msulated chamber which 
allows stnct control of the chamber's environment. A high preCISIOn 5 III Hamilton 
syringe (Hamilton GB Ltd, UK) was used to inject 3 JlI droplets of hquids on the 
surface of the powder. A mechanical manipulator was structured to enable a gentle 
placement of the droplet on the surface whilst minimismg the kinetic Impact. All 
experiments were carried out at 22 ± 1 °C and room humidity (- 44%). 
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The spreadingllmblbitton process were captured at 60 frames per second for the whole 
experiment duratton using two PIKE F-032C, Allied VisIOn Technologies Inc., whIch 
captured simultaneously sIde view and a vIew from above. Both the top and side vIew 
vIdeo Images were analysed usmg VIsion BUIlder for Automattc InspectIOn (VBAl) 
software developed by Micropore TechnologIes, UK. DetectIOn parameters includes, 
radIUs of drop front, radius of imbibitton front, drop heIght, and contact angle the drop 
makes with the solid substrate (m this case, powder). 
This software eliminates the need for manual visual inspection of images. The software 
utilises digitisation of Images, therefore, measurements taken were more accurate 
(compared to VIsual manual mspection) as the software detects the pixels' mtensittes. 
Included m the software are the capabilIttes of enhancmg Images to give the best clarity 
and definition for accurate Image processing Thus, a consIstent set of measurements 
WIth reduced systematic errors can be collected. 
From the top VIew, the software assumes perfect CIrcular spreadmg and offers the best 
fit CIrcle of the spreadmg front and imblbitlOn front by approxImating the 
drop/spreadmg area. From the side view, the drop is assumed to be hemispherIcal, 
which allows droplet contact angle to be calculated from droplet radius and height 
values 
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5.4 Results and Discussion 
5.4.1 Particle Size Distribution 
6,----------------------------------------------------. 
-C303015 
- - - . C282322 
4 
i- t 
! 3 j Q j ... 
2 I 
J~ , '. ::, 
,.- \. 
... 
0 "-
0 100 200 300 400 500 600 700 BOO 
Particle Diameter, JUD 
Figure 4: Particle size distributIon curve for powders C303015 and C282322 
The particle size dlstnbution for both powders C303015 and C282322 can be seen in 
Figure 4. n-Hexane was used as the suspendmg fluid and the Fraunhofer model was 
used to calculate the particle size dlstnbution over the range of 0.429 !lm to 900 0 !lm. 
Table 1 shows the volume percentage distnbution of the particle's size range. Powders 
C303015 and C282322 showed Identical particle size distnbution. Both tested powders 
have very wide particle size distnbution. According to [3] the volume fraction of a 
composite powder With wide particle size dlstnbution (as in the case under 
consideratIon), 'Ps, can be approximated to 0.55. It was also assumed that the solId-air 
volume fractIon of powders IS equal to the volume fraction in the bulk of the powder 
layer. 
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Particle diameter, pm 
Volume, % 
C282322 C303015 
10 47.16 49.16 
25 28.17 28.32 
50 1588 1662 
75 9.102 9.767 
90 4.306 4.616 
Table 1. Volume dlstnbuhon of sample powders. 
5.4.2 Surface energy components 
AdvanCing contact angle for liquids (water, Ethylene Glycol, and Fonnamlde) were 
measured for powders C303015 and C282322 In the wettmg expenment. The measured 
advancing contact angle does not reflect the real contact angle. Hence, water's contact 
angle was calculated using Eq (13), whdst Eq. (15) was used for Ethylene Glycol and 
Fonnamlde. Thus, the following real contact angles were obtained. 
Measured Contact Angles, 0 Real Contact Angle, 0 
Test Liquid 
C303015 C282322 C303015 C282322 
Water 112.25 125.99 8640 97.71 
Ethylene glycol 41.79 42.19 71.34 71.72 
Fonnamide 2041 24.39 4854 53.33 
Table 2: Measured and Real advancmg contact angles (±2.2°) over powder batch 
C303015 and C282322. Each is an average of3 experimental runs. 
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Test Liquid Yt r;; rC 
Water 72.8 21.8 51.0 
Ethylene Glycol 64.0 34.0 30.0 
Fonnamide 58.2 395 18.7 
." 0 Table 3 Surface tensIOn components (m mJ m at 20 C) of liqUIds used (Good-van 
Oss method) The symbols are Yt is the total liquid-vapour surface energy, r;; is the 
component from dIspersIOn forces, rC IS the component from polar forces. 
To extract the powders' polar and dispersive surface energies, the Owen-Wendt's model 
[5] were employed; 
(16) 
where r: and rf are the solid's dispersive and polar component, and () is the contact 
angle. 
Arrangement of Eq. (16) into the fonn of y = rnx + c YIelds 
.rr:J4+R 
vrf 
Now, the extraction of the polar and dIspersive components of solid, r: and r: , can be 
approxImated using contact angles and test liqUId properties from Tables 2 and 3. 
The expenment was repeated using other types of solids, i.e. SIlicone, teflon, and 
staInless steel (FIgure 6). The indIVIdual values of the solids' polar and dIspersive 
components can be found in Table 4. 
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Figure 5: Owen-Wendt's plot for powders C303015 and C282322 
Solid Surface components, mJ/m2 
Solid 
Polar Dispersive 
C303015 4.31 26.63 
C282322 023 36.83 
Silicone 2.33 10.13 
Teflon 1.80 13 17 
Stamless steel 1545 13.61 
Table 4: Surface energies of powders C303015 and C282322 and other solids 
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Figure 6: Owen-Wendt's plot for solid substrates 
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5.4.3 Wetting dynamics 
The dynamIcs of Fonnamide and slhcon oil droplets over powders C303015 and 
C282322 were observed to be In 3 stages During the first stage, the drop base spreads 
untIl it reaches the maximum position whilst contact angle decreases rapIdly. The drop 
base then remains constant dunng the second stage as the contact angle decreases 
linearly with tIme. And finally, the thIrd stage where the drop base shrinks while the 
contact angle remains constant untIl the drop completely dIsappears. During these three 
stages, the wetted area In the powder substrate Increases WIth tIme untIl It reaches 
equihbnum 
14 ' 2 
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Figure 7: DimenslOnless plot of the time evolution of the droplet's radius, wetted radius 
and contact angle. 
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Both powders C303015 and C282322 were observed to be hydrophobic when a water 
droplet was placed onto the powder layers. The powders C303015 and C282322 showed 
high hydrophobicity with contact angles of 112.25° and 125.99° respectively. 10 both 
cases, the water droplet does not penetrate into the powder layers and remains constant 
(Figure 8). The only change is the diminishing droplet height due to evaporation. 
Ss ~. 120s 3001 
Figure 8: A water droplet over the hydrophobic C3030 15 powder layer. 
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5.5 Conclusion 
To summarize, the dispersIve and polar surface energies of powders supplIed were 
extracted A new experimental and theoretical procedure was developed whereby 
consistent spreadmg/imbibltion process can be analysed to determine wetting propertIes 
of powder substrates. Furthermore, a theoretIcal procedure was developed to enable a 
more accurate representatIon of the extractIon of the measured contact angles. 
DIspersive and polar components of powders C303015 and C282322 were 
approximated using Owen-Wendt's model (see Table 5) 
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5.6 Nomenclature 
Latm 
K Surface roughness 
R Particle radius 
N Number of particles per umt area 
S Surface of contact area 
L Droplet base radius 
I RadIUs of wetted area 
t Time 
Greek 
e Contact angle 
rp Volume fraction 
p Radius of contact area 
Subscnpts 
s Solid 
Superscnpts 
exp Experimental 
real Real 
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Chapter 6 Conclusion and 
Recommendations for Future Work 
Tlus chapter presents the key findings presented m the precedmg chapters, and outlines 
areas and strategIes for future study. 
Wettmg and de-wetting processes play an important role in many natural and 
technological processes. In many cases, wetting IS an essentIal prerequISIte for 
applicatIon, for example m paint films, crop sprays, cosmetIcs, pharmaceutical tablets 
and in preparatIOn of suspenSIOns to name a few. The introductIon of surfactants mto 
systems can be used in achieving desirable wettmg conditions. However, the complex 
mechanism in which surfactant molecules interact remamed an mteresting area of 
research. 
In Chapter 2 and 3, an experimental procedure was designed to safely separate the 
mfluence of various forces contnbutmg to the kinetics of spreadmg, specIfically, the 
influence of Marangom force. The mfluence of surfactants' solubility was mvestigated 
using various conventional surfactants and tnsIloxanes. CombinatIon of theoretical 
treatment and experimental results allows qualitative and quantItative descriptIOn of the 
spreadmg kinetics It was found for all mvestigated cases, the front motion of the 
spreading process can be dIvided into two stages; a first fast stage followed by a slower 
second stage. Both these stages follow a power law dependency. 
In the case on conventIOnal surfactants at concentratIOns above the cntIcal micelle 
concentration (CMC), the theoretIcal treatment can be concluded as follow: 
a) Both the first and the second stages of spreadmg considerably depend on the 
solubility of surfactants: the higher solubIlity, the slower both the first and 
second stage. 
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b) The lower the solubility, the higher the exponent m the spreadmg law during the 
first stage and for low soluble surfactants, the maximum attainable exponent is 
0.75. 
c) If the solubility is high enough, then during the second stage, the front reaches 
some final position and does not move any further. 
d) Formation of the dry spot in the centre IS determmed by the speed of the first 
stage, and hence, the dry spot forms in the case of soluble surfactants and does 
not form in the case of insoluble surfactants. 
Experimental results reflect closely to the prediction from the theoretical predictions. A 
low soluble surfactant (Tween® 20) produced a power law exponent of 0.73±.01, being 
closest to the maximum attamable spreading rate 0 75 predicted theoretically. For 
highly soluble surfactant DTAB, the solubility was most significant during the second 
stage where the spreading front reached some final pOSItion and does not move any 
further in agreement with the theoretical predictIOns. The same expenments were 
carried out using superspreadmg trisiloxanes. Experimental results using tnsiloxanes T3 
(highly insoluble) - T9 (highly soluble) showed that mcreasing the solublhty of 
trislloxanes resulted in an increase of spreadmg rates. This is in total contradiction of 
the prediction for conventional surfactants 
Reported in hterature, one of the superspreading critena for trlSlloxanes is the 
temperature dependence Tnsiloxanes were found to undergo self-assembly process at 
speCific temperatures and concentrations where superspreading was observed. The 
theoretical models developed were hmited to the case of mlcelles-formmg surfactants 
only. Therefore, existence of different types of aggregates presents a different type of 
transfer mechanism. 
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Further work could be concentrated on investigating the influence of tnsiloxanes' bulk 
propertJes in relatJon to the spreadmg performances under the Marangom force 
Possibly, the phases of trisiloxanes could be mapped at various concentrations and 
temperatures indicating types of aggregates formed Also, the analysis usmg a Founer 
Transform Infrared Spectroscopy (FTIR) could gIve insights to the self-assembly 
properties of tnsiloxanes. 
Improvements to the experimental design to Incorporate variation of temperatures 
would then allow compansons of tnsIloxanes' bulk propertIes to the spreadmg 
propertIes The theoretical models could then be improVed to account for surfactants 
WIth non-micelle aggregates. Further on, conventional surfactants WIth SImilar 
aggregates type can be investigated to determine If the superspreadmg phenomenon is 
solely restncted to trisiloxanes only. 
In the case where conventional surfactants at concentrations below the CMC, the 
conclUSIOns are as follows: 
a) The spreading process proceeds in two stages; a fast first stage followed by a 
slower second stage Both these stages follow a power law dependency. 
b) The first stage proceeds with an exponent 0.5, whIch does not depend on the 
surfactants' solubIlIty. The second stage however, showed solubilIty 
dependenCIes. In the case of low soluble surfactant, the spreading exponent was 
found to be 0.25, whIle in the case of hIghly soluble surfactant the spreading 
front should move slower and reach a final pOSItion. 
c) Expenmental data reflect closely to the theoretical predlctJons 
An Important consideratIOn into investJgation of low concentrated surfactant solutions 
should be the preparatIOn stage. It was found that there were dIfferences In expenmental 
results when dIfferent methods of preparation were used. When low concentratJons of 
surfactant solutions were prepared on a larger scale, the amount of surfactant molecules 
actually used in the spreadmg expenments did not necessanly reflect the concentratIOn 
they were prepared at A recommendation would be to choose a specIfic method which 
will be carried out consIstently. It would also be mteresting to look how surfactant 
molecules interact WIth ItS surroundmg (I.e. vessel used to prepare the solutIOn). 
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In Chapter 4, the dynamics of a small hqUld droplet (in the case of complete wettIng) 
undergoing two simultaneous competIng mechanIsms (spreadIng and evaporation) were 
investigated theoretIcally and experimentally. 
The conclusions of this work can be summarised as follow: 
a) The spreading/evaporation process can be dlVlded into two stages. Firstly, a fast 
stage which is mostly determIned by the kinetics of spreading The duratIon of 
the first stage is considerably small when compared to the overall duratIon of the 
spreading/evaporation process. Secondly, a slower stage that begins when the 
evaporatIon determines the kinetIcs of the drop. 
b) A system of theoretIcal models was developed to account for the 
spreadIng/evaporatIon process. The theoretical models developed concluded that 
the time evolution of the drop base radIUS, drop volume, and the dynamIC 
contact angle, would follow a umversal profile under dimensionless VarIables. 
c) The theoretical models were tested against expenmental data extracted from 
hterature as well as from designed experiments. Overall, the theoretIcal models 
are m relatIvely good agreement. In both cases, as predIcted theoretically, the 
drop base radIUS, contact angle and volume followed a universal profile. 
However, there were slight dIfferences found between the expenmental and 
literature generated profiles. 
Further work could be focussed on conducting the expenments USIng silicone wafers 
whIch would be molecularly smooth. Also, it would be interesting to find a case where 
the spreadmg stage IS prolonged. This could be achIeved for example USIng water and 
SIlIcone oils. An addition to the expenment could be to introduce higher IntensIty of 
external conduction into the system to verify ItS signIficance. 
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In Chapter 5, the kinetics of spreading and imbibitlOn of liquids over porous powder 
layers was prehmmanly investigated as a sponsored project. The mam aim of the work 
was to extract the disperSive and polar surface energies of the powders supplied. The 
dispersive and polar components of the powders were approximated using Owen-
Wendt's model A new experimental and theoretical procedure was developed whereby 
consistent analysis can be made. Furthermore, a theorelical procedure was developed to 
enable a more accurate representatIOn of the extraction of the measured contact angles. 
The work done m Chapter 5 was limited due time constraints. Much further work could 
be performed into many directions depending on the mterests. To suggest a few, 
theoretical and expenmental work could be performed to understand the kinetics of 
spreading and imblbition mto the porous powder layer, using vanous naliIres of 
powders (hydrophobic and hydrophilic) With a range of particle Size dlstnbutlOn, 
development of improved powder layer for higher level of consistency and accuracy. 
207 
Publications 
Journal Papers 
1 K.S. Lee, V.M. Starov, Spreadmg of surfactant solutions over thin aqueous layers at 
low concentrahons' Influence of solubility, Journal of Colloid & Interface SCience, 329 
(2009) 361 - 365 
2. K. S. Lee, V. M Starov, T. J. P Muchatuta, S 1. R. Snkantha. Spreadmg oftnsiloxanes 
over thin aqueous layers CollOId J. 71 (2009) 365 - 369. 
3 K.S. Lee, N Ivanova, V M. Starov, N. Hila!, V Dutschk, Kmehcs of wettmg and 
spreadmg by aqueous surfactant solutIOns, Advances in CollOId & Interface SCience 144 
(2008) 54 - 65. 
4. K.S. Lee, C.Y Cheah, R J Copleston, V M Starov, K. Sefiane, Spreadmg and 
evaporatIOn of sessile droplets' Umversal behavIOur In the case of complete, Colloids & 
Surfaces A: Physicochermcal and Engmeenng Aspects 323 (2008) 63 - 72 
5. K.S. Lee, V M Starov, Spreading of surfactant solutIOns over thm aqueous layers' 
Influence of solubility and rmcelles dlSlntegrahon, Journal of CollOId & Interface 
SCience 314 (2007) 631 - 642. 
Conference Presentations 
1 K.S. Lee, V M. Starov, N Ivanova, R. RublO, Superspreading: Marangom Phenomena, 
1711> Internahonal SymposIUm on Surfactants m SolutIOn, August 17 - 22, 2008, Berlin, 
Gennany. 
2. K.S. Lee, C Cheah, R Copleston, V. Starov, K Sefiane, Spreadmg and Evaporation of 
Sessile Droplets: Umversal BehavIOur m the Case of Complete Wettmg, 1711> 
International SymposIUm on Surfactants m Solution, August 17 - 22, 2008, Berlin, 
Germany. 
208 
3. N Ivanova, K.S. Lee, N. Hilal, R. RublO, R. HIIl, V. Starov, Spreading of 
Aqueous Trisiloxane Solutions over Hydrophobic Substrates, 17th InternatIOnal 
Symposium on Surfactants m Solution, August 17 - 22, 2008, Berlin, Germany. 
4. N. Ivanova, K.S. Lee, N. Hilal, R. RublO, R. Hill, V. Starov, Superspreading' 
aqueous tnsiloxane solutions on hydrophobic substrates, 17th International 
SymposIUm on Surfactants in Solution, August 17 - 22, 2008, Berlm, Germany. 
5 K.S. Lee, V.M. Starov, R. RublO, NanoscaIe Phenomena m CollOId & Interface SCience, 
September 20 - 22, 2007, Plovdlv, Bulgana 
6 K.S. Lee, V.M Starov, K Strahgos, G. Chnstoforatos, R RublO, internatIOnal 
workshop on Bubble & Drop interfaces, March 25 - 28, 2007, Granada, Spam 
7. R RublO, K.S. Lee, V.M. Starov, InternatIOnal workshop on Bubble & Drop interfaces, 
March 25 - 28, 2007, Granada, Spam 
8 K. Lee, V Starov, P Prokopovlch, R. RublO, XIIIth International Conference on 
Surface Forces, June 28 - July 4,2006, Moscow, RUSSia 
209 
Available onhne at wwwsClencedlrect corn 
--,~ 
... ;, ScienceDirect JOURNAL OF Colloid and 
Interface Science 
ELSEVIER JournaJ of CollOid and Interface SClence 314 (2007) 631--642 
www c1~cvler comllocatclJcls 
Spreading of surfactant solutions over thin aqueous layers: 
Influence of solubility and micelles disintegration 
K.S. Lee, V.M. Starov' 
Department o/Chemical Engmeermg, Loughborough Umverslty, Loughborough, LE}] 3TU, UK 
Received 1 May 2007~ accepted 8 June 2007 
AV81lable onhne 14 June 2007 
Abstract 
A movmg clfcular wave front forms after a small droplet of aqueous surfactant solutIon IS deposIted on a tlun aqueous layer The tIme evolution 
of the radIUS of the movmg front was momtored Surfactants of different solubility were used at concentrations above CMC It IS shown that the 
time evolution of the movmg front proceeds m two stages a rapid first stage. which IS followed by a slower second stage It IS shown that the 
time evolution of the movmg front substantially depends on the surfactant solublhty An exact solution for the evolution of the movmg front was 
deduced for the case of Insoluble surfactants A quahtatlve theory was developed to account for the mfluence of the solubility on the front motion 
Our expenmental observatIOns are m a good agreement With the theory preclictlons 
© 2007 Elsevler loc All nghts reserved 
Keywords Surfactant solutIons, Solubility. Marangoru effect 
1. Introduction 
Spreading behavIOur m the presence of surface tensIOn gra-
dients frequently shows IDstablhty [1-31 fingenng IDstablhty 
of the hqUld films dnven by temperature gradient [11, stlck-shp 
phenomena when a lIqUid contatntng surface-active molecules 
advances on a hydrophlhc sohd results m an mstablhty of the 
movmg front [2J, spreadmg of big droplets of surfactant solu-
tIon over thm hqUld layers also results m an mstalnhty of the 
movmg front [3,41. The presence of mstabIlltles IS an mterestmg 
phenomenon m ItS own nghts However. on the current stage It 
IS difficult to extract an mformatlon on properties of surfactants 
from expenmental data on mstablhty. Hence, It IS Important to 
select a method, which allows mvestIgatmg the dynamiC prop-
erties of surfactant solutlOns on the hqutd-atr mterface Without 
mstabthty to occur 
It has been shown earher [51 that mvestIgatlOn of a motIon of 
a front after depOsitIOn of a small droplet of aqueous surfactant 
solutIon on a thm aqueous layer allows mvestlgatmg separately 
the mfluence of Marangom phenomenon on the hydrodynamic 
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flow because the capillary and gravitatIonal forces can be ne· 
glected. The suggested method results m a stable motion of the 
wettmg front The latter allows extractIng properties of surfac-
tants on a hqUld-alr mterface. The same method was used for 
an mvestIgatlOn of properties of tnSlloxane solutIOns [61 
Let us conSider a schematic of the expenmental procedure 
(FIg I) a small droplet of an aqueous surfactant solutIOn IS 
depOSited on the top of the Imtlally urufonn thm aqueous film 
(thickness ho) as m Fig. la After that a depreSSion m the centre 
of the film and a movmg front fonn (Fig, 1 band 1 c) Depend-
mg of the expenmental conditIOns (see below) a dry spot may 
fonn (Fig lb) or may not fonn (fig Ic) m the film centre 
When a droplet of a surfactant solutIon IS depOSited on a 
clean hqUld-alf mterface tangential stresses on the hqUld sur-
face develop They are caused by the non·umfonn dlStnbutlOn 
of the surfactant concentration, r, over a part of the hquld 
surface covered by the surfactant molecules, hence, leadmg to 
surface stresses and a flow (Marangom effect) [71 
au(r, h) dy ar 
~-a-z-= drij;" (1) 
where ~ and u are the liqUid dynamiC shear vIScoSIty and tan-
gentIal velOCity on the liqUid surface h, respectively, (r, z) are 
radial and vertical coordmates, y(r) IS the dependency of the 
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a 
water layer , surfactant droplet h, 
b 
moving font h_ 
~ dry spot jJ\- h, 
r~) R(t) 
c 
moving font h_ 
/\.... "quid film df' h, 
RIll 
Fig I (a) A small droplet of aqueous surfactant solution IS deposited on 
a top of thm aqueous layer of tlnckness hOt (b) dry spot formatlon 10 the 
centre cross-sectlon of the system R(t)-radlUs of a circular movmg front. 
r(t)-radlus of a dry spot 10 the centre, H-the height of the movmg front, (c) 
the same as In the prevIous case (b) without dry spot formatton In the centre 
liqUId-air mterfaclal tenslOn on surface concentratIOn of the 
surfactant The surface tensIOn gradlent-dnven flow mduced by 
the MarangonI effect moves surfactant molecules along the sur-
face and a dramatiC spreadmg process takes place. the hqUld-alr 
mterface devIates from an lOIttally flat pOSItiOn to accommodate 
the normal stress occumng In the course of the motIOn ThIS 
process IS referred below to as a spreadmg process 
The conSideratIOn In [5] was restncted to the case of msolu-
ble surfactants Surface diffuSIOn was neglected m [5] as com-
pared to convective transfer The latter assumptIOn was proven 
to be vahd m [5] Indeed, from Eq (l), we can deduce a char-
actenstIc scale of the surface velOCity as' u. R: ~Lh •• where ~ , 
Y •• h., L. are charactensttc scales of the mterfac131 tensIOn, 
the film thIckness, and the length m the tangenttal directIOn, 
respectively The dIffuSIOn flux of surfactants over the hqUld 
surface scales as' Vs ft, where Vs, r* are the surface diffuSIOn 
coefficient and a char~ctenstIc scale of surfactant concentra~ 
tlOn on the surface, respectIvely Then, the ratio of diffuSIOn to 
convectIve flux of surfactant molecules on the lIqUld-rur lOter~ 
face can be esllmated as D,fJlu.r. = D,~/y.h. - 10-8« I, 
for D, - 10-6 cm2 Is, ~ - '10-2 P, h. - 001 cm and Y. '" 
102 dyn/cm ThIS estImatIOn shows that surface dIffuSIOn can 
be really neglected everywhere except for a small diffuSion 
layer, whIch IS dISregarded below as m [5] 
1\vo different expenmental SituatIOns were considered ear~ 
her [5]' (a) concentratIOn m a depOSited droplet of surfactant so-
lutIOn, whIch IS depoSited m the centre of a liqUid film (Fig. I), 
IS above the cnllcal mIcelles concentratIOn (CMC), and (b) the 
concentratIOn IS smaller than CMC Below we are mterested 
only m the first case, when the ImtIal concentratIOn tu the small 
droplet (Fig la) IS above CMC It was shown m [5] that m thIS 
case, when the concentrallOn of surfactant IS above CMC, the 
spreadmg process proceeds In two stages (I) the first fast stage 
when the surfactant concentratIon IS detemuned by a dlsmtegra· 
tIon of micelles and the concentratIOn of mdlvldual surfactant 
molecules remams mdependent of time III the film centre The 
duratIOn of that stage IS fixed by the mltlal amount of micelles In 
the depOSited droplet, (11) the fast stage IS followed by the sec-
ond slower stage when the surfactant concentratIOn decreases m 
the film centre but the total mass of surfactant remams constant 
over the whole film In both cases a Slmtlanty solutIOn proVIdes 
a power law predlctmg the positIOn of the movmg front, R(t), 
as tIme proceeds [5]. 
The flow mSlde a thm liqUid layer With lrullal thIckness ho 
was conSidered m [5] under the actIOn of an msoluble surfactant 
on Its open surface. It was assumed that surface tensIOn vanes 
lmearly With surface concentratIOn of surfactant 
y(r)=ro-ar, atO<r<rm , 
y(r) = y",,, r> rm , (2) 
where YO IS the mterfac131 tenSIOn of the pure water-rur lOter~ 
face, rm corresponds to the maximum attamable surface con~ 
centrallon (at the eqUlhbnum WIth a mIcelle solullon) and Yeo 
IS the lowest mterfaclal tensIOn at the concentratIon rm on Its 
surface 
The evolullOn equatIOns for the film thIckness and surfactant 
concentratIon on the surface 10 the case of msoluble surfactants 
are as follows 
h 
ah I a f 
-a +-- rudz=O, 
t r ar 
o 
ar I a 
-a +--& (ru(r,h)r) =0. 
t r r 
(3) 
(4) 
where h(t, r) IS the film thIckness at lime t, r IS the radial coor-
dmate and r(t, r) the surfactant concentrallon on the surface. 
equatIOn (3) IS conservatIOn law for the hqUld and Eq (4) IS the 
conservation law for the msoluble surfactants on the surface. 
EquallOn (3) can be directly deduced by mtegrallon of the con-
tinUIty equatIOn for the hquld DenvatlOn of Eq (4) mcludes a 
low slope approxImatIOn, whIch IS usually used [7,8] m spite of 
poSSIble strong deformatIOns of the mterface m a VICInIty of the 
movmg front EquatIOns (3) and (4) after performmg the Inte-
grallon become (see [5] for details) 
ah I a { [Yh3 a (y a (ah)) ah2 ar]} (5) at =--;: ar r 3~ ar -;: ar r ar - 2r/ar ' 
ar =_~i.{rr[Yh2 i.(!:i.(r ah )) _ ah ar]}, (6) 
at r ar 2~ ar r ar ar ~ ar 
that are to be solved subject to the followmg boundary condi-
tions' 
ah a3h 
----0 atr=O, ar - ar3 - , 
h ~ hOt at r ~ 00, 
ar =0, 0 atr = , 
ar 
r --+ 0, at r --+ 00, 
(7) 
(8) 
(9) 
(10) 
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00 f r(h-ho)dr=O (11) 
° The latter equatton reflects the mass conservatIon law of the 
lIqUid 
In our expenments below a droplet of surfactant solutIon 
with concentratIOn above CMC was placed m the centre of 
a tlun aqueous film (FIg I). Our expenmental observatIOns 
showed that two dIstmct stages of spreadmg take place: (I) a 
first fast stage, and (11) a second slower stage Dunng the first 
stage, there IS diSintegratIOn of mIcelles, hence, surface concen-
tratton of smgle molecules IS kept constant dunng that stage 10 
the centre, hence, we have the followmg boundary condItIOn 
dunng the first stage 
(12) 
The slower stage was observed then the concentratton 10 the 
droplet was below CMC and fast first stage was not detected 
The latter gIves us a POSSIbIlIty to conclude that the fast first 
stage lasts untIl all mIcelles are dlsmtegrated The duratIOn, tl, 
of that stage (that IS, the moment when all mIcelles d,smte-
grated) was deduced m [5] Past tl a second slower stage starts 
Dunng the second stage the total mass of surfactant remams 
constant, hence the followmg boundary condl!!on applIes m-
stead of (12) 
00 
2" f rrdr = Qo. (13) 
° 
where Qo IS the total amount of surfactant molecules m the 
deposited droplet 
It was shown m [5] that capIllary forces can be neglected as 
compared wIth Marangom forces. Hence, Eqs (5)-{6) can be 
SImplIfied as 
ah = ~~{r[O/h2 ar]}, 
at r ar 2~ ar (14) 
ar = ~~{rr[O/h ar]} 
al r ar ~ ar (IS) 
Some of boundary conditIOns should be omitted because 
Eqs. (14)-{15) are dIfferentIal equatIOns of a lower order as 
compared wIth the correspondmg Eqs (5)-{6) The remammg 
boundary conditIOns are 
ah 
-=0 ar ' at r = 0, (16) 
ar =0 
ar ' at r = 0, 
(17) 
and the condItIons (12) or (13) dunng the correspondmg stage 
Boundary condItIOns (8}-(1O) cannot be sa!!sfied at r -+ 00 and 
a shock-lIke spreadIng front forms (for the denvatlOn of these 
conditions see below or [5] for det.,ls). The latter results m 
three cond,tIOns on the movmg front, r = R(I)' 
heR) = 2ho, (18) 
r(R) =0, 
ar(R) R(t) = -2aho--. 
ar 
(19) 
(20) 
Based on Eqs (I4)-{15), boundary conditions (I6)-{20) and 
condItIOns (12) or (13) at the correspondmg stage the followmg 
power laws were deduced m [51 
R(t) = A to S, t < tl, (21) 
dunng the fast first stage and 
R(I) = B 102S, I> /1, (22) 
dunng the second slower stage, where A and B are constant 
determmed m [5] 
Expenmental data presented m [5] usmg SDS surfactants 
agreed reasonably well WIth the theory predIctIOns (21)-{22) 
However, the extracted exponent were different from the theo-
retIcally pred,cted 0 5 and 0 25 accordmg to Eqs (21) and (22). 
However, the deVtatlOns from the theoretical exponents were 
not very slgmficant the value 0 60 ± 0 15 dunng the first stage 
agreed well WIth the theore!!cal predlc!!on 0 5 accordmg to 
Eq (21), at the end of the first stage the motIOn slows down and 
after some transItion stage the movmg front follows a power 
law R(I) ~ 1° 17±002. The new exponent IS smaller than the 
theoretICal predIctIOn of 025 gIven by Eq (22) The reasons for 
pOSSIble deVIatIOns from the predIcted exponents 05 and 0 25 
accordmg to (21) and (22) were dIscussed m [5] a dlSsolu!!on 
of surfactants mto the bulk of the film and the gravIty actIOn It 
IS necessary to mentIOn that In [51 a regular Video camera was 
used to momtor the evolution In time of the movmg front, that 
IS only 2-3 expenmental pomts were taken dunng the first fast 
stage of spreadmg It mIght also contnbute to the expenmen-
tal error Our expenments (see below) usmg a hIgh speed VIdeo 
camera confirmed that the exponent dunng the course of the 
first stage IS hIgher than the theoretICal predlc!!on 0 5 accord-
mg to Eq (21) 
Our expenments (see below) showed that there are other 
more sIgruficant devlattons from the predlcttons presented 
m [5] for both first and second stages of spreadmg. These devi-
atIOns can be summansed as follows. 
• Both first and the second stages of spreadmg conSIderably 
depend on the solUbIlIty of surfactants' the hIgher solubIlIty 
the slower both the first and the second stage. 
• !fthe solubIlIty IS Iughenough than dunng the second stage 
the front reaches some final pOSItIOn and does not move any 
further 
• The lower solubIlity the hIgher the exponent In the spread-
mg low dunng the first stage and for low soluble surfactants 
It reaches 0 75, whIch IS 50% hIgher than predIcted accord-
mg to Eq (21) 
• FormatIOn ofthe dry spot m the centre IS detennmed by the 
speed of the first stage and, hence, the dry spot fonns m the 
case of soluble surfactants and does not form m the case of 
low soluble surfactants 
These expenmental observatIOns reqUIre to reconsider the 
ongmal theory presented m [5], which IS undertaken below 
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2. Tbeory 
2 1 General dependency of the suiface tension on the 
concentration of suifactants on the surface' Insoluble 
surfactants 
The assumptIOn that the dependence of the surface tensIOn IS 
given by a slmphfied dependence (2) IS reheved 10 this sectIOn 
It IS shown below that 10 the case of a more general dependence. 
y = y(r), (23) 
where y(O) = yo, y(rm) = Yeo, y'(r) < 0, tbe malO result 
(21 )-{22) deduced 10 [5] remams vahd. 
In the general case (23) Eqs. (14)-(15) take the followmg 
form' 
ah =_~~{r[Y'(r)h2ar]}, (24) 
al r ar 2~ ar 
ar =_~~{rr[Y'(r)h ar]} (25) 
al r ar ~ ar 
Boundary conditIOn (20) can be rewntten now as 
R(I) = 2hoy'(0) a~~R) (26) 
Important to note that the denvatlve y' (0) 10 the latter equation 
IS supposed to be different from zero 
As m the case of a hnear dependence of the surface ten-
sIOn (2) the conditIons on the movmg front can be deduced, 
which are (18), (19) and (26) 
Dunng the first stage the boundary condition m the cen-
tre (12) IS supposed to be vahd In the case of a general de-
pendence (23) let us mtroduce a new van able ~ = tfrr and 
unknown functIons as h(I,r) = I(~), r(1,r) = open, where 
I(~), op(n are two new unknown functIons. SubstItutIOn of the 
latter vanable and new unknown functIOns mto Eqs (24)-(25) 
results m a system of ordmary differential equatIOns for I(ln, 
op(~) mstead of two partial differential equations (24)-{25) The 
latter procedure results 10 the followmg dependency of the ra-
diUS of spreadmg on tIme. R(I) = G . 1° 5, where the constant 
G can be determmed m a way SimIlar to [5]. The latter results 
m an IdentIcal exponent m the spreadmg law, 0 5, to the prevI-
ous one (21) The only difference IS the pre-exponentIal factor, 
which IS determmed by the dependency of the surface tensIOn 
on the surfactant concentration Hence, dunng the first stage of 
spreadmg the more general dependence (23) results m the same 
power law dependence on tIme of the movIng front (21) as a 
Slmphfied hnear dependence (2) 
Dunng the second stage of spreadmg the boundary condi-
tIOn (13) should be used Let us mtroduce a new SlmIlanty 
vanable ~ = ;&., then the solutIon ofEqs (24), (25) IS h(l, r) = 
I(~), r(1,r) = 7#f, where two unknown functIons I(~) and 
op(~) obey a system of ordmary differentIal equatIons However, 
10 contract to [5] the latter system mcludes y'(r) = y'(7#f), 
that IS does not gIve a Slmllanty solutIOn as m [5] However, 
as time progresses ~ .,. 0 and the latter denvatlve of the sur-
face tensIOn tends to y'(7#f) --+ y'(O) The latter constant does 
not depend on tIme Hence, the result for the second stage of 
spreadmg recovers, which IS IdentIcal to (22) except for a pre-
exponential factor. Note, dunng the second stage the stmdanty 
solutIOn IS recovered only asymptotically and there IS no sharp 
tranSitIOn from the first to the second stage 
There IS however, one substantIal difference m the spread-
109 behaVIOur m the case of the general dependence of the 
surface tensIOn on surface concentratIon (23) from the SIm-
phfied case (2) m the Slmphfied case a very sharp tranSitIOn 
from the first stage to the second stage was predicted, however, 
10 the general case under conSideratIOn the second stage (22) 
IS reached only after an extended tranSitIon penod from the 
first to the second stage The latter conclUSion IS m the better 
agreement With expenmental data reported 10 [5] and our ex-
penmental observatIOns (see below) 
Before proceedmg further we give a very Simple seml-
empmcal denvatIon of the power laws (21) and (22) based on 
the boundary conditIOns (19) and (26) on the movmg front 
Dunng the first stage of spreadmg we assumed the bound-
ary condition (12) IS vahd m the centre of the film and condi-
tIOn (19) on the movlOg front The concentratIOn gradient on the 
movmg front can be estimated as a?rR) - qO) RnR) -If 
SubstitutIOn of the latter estimation IOta the boundary condi-
tion (26) results 10 R(I) - -2hoY'(0)',f = 2hOly'(0)1',f or 
RR(t) - 2holy'(0)[rm SolutIOn of the latter differentIal equa-
tIon With 100tIal conditIon R(O) = 0 results m 
(27) 
The latter power law comcldes With (21) 
Dunng the second stage of spreadmg boundary condi-
tIon (13) IS satisfied and the same conditIOn (19) on the movlOg 
front The concentratIOn to the film centre can be estimated now 
as 
(28) 
and the concentratIOn gradient on the movmg front can be es-
tImated as ar(R) _ r(o)-n R ) = _ Qo SubstitutIon of the 
ar R 1fRJ 
latter expresSion IOtO boundary conditIOn (26) gives R(I) -
-2hoY'(0)~ = 2ho[y'(0)1 ~ Solution of the latter differ-
entIal equatIon With the boundary condition R(II) = RI IS 
( 
Q )025 
R(I) - 8holy'(0)1 ,,0 (I -11)+ Rt ' (29) 
where 11 IS the IOstant when the first stage of spreadmg fiOlshed, 
hence, the latter gives RI - 2Jholy'(0)[rmll usmg Eq (27) 
EquatIOns (27) and (29) give preCISely the same exponent 
as predicted earher by Eqs (21) and (22) uSlOg more refined 
theoretICal treatment [5]. The latter allows us to use the SimIlar 
seml-empmcal consIderatIOn 10 more complex situations m the 
case of soluble surfactants 
The conclUSIon from thIS part IS as follows the deduced ear-
her [5] power laws of spreadlOg (21) and (22) remam vahd 
even 10 the case of more general dependence of the surface 
tenSion on the surfactant concentration (23) Hence, any deVia-
tIOn from those dependencies (21) and (22) should be attnbuted 
to different phYSIcal phenomena Below we consIder two such 
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phenomena (a) not only dlsmtegratlon but also a transport of 
mIcelles over the movmg film surface, whIch takes place dur-
mg the first stage of spreadmg only, (b) dIssolutIOn of surfactant 
molecules mto the bulk ofthe film The latter takes place dunng 
both stages of spreadmg 
2 2 Influence of solublillY and transport of mIcelles 
Imtlally, before depoSItion of a droplet, the aqueous film 
IS surfactant free In the course of dissolutIOn of surfactant 
molecules the film wdl be gradually saturated by surfactant 
molecules and the oppoSIte process of adsorpllOn of surfactant 
molecules on the surface from the bulk of the film WIll take 
place Let us estImate the duratton of a process of saturatIOn 
of the film wIth surfactant molecules. The charactenstlc time 
scale of tins process IS t, - ~, where D IS the bulk dIffUSIOn 
coefficient of surfactant molecules In our case h -... 005 cm, 
D - 10-6 cm2 Is Hence, t. - 2~~~64 = 2500 s, whIch IS more 
than 1000 times longer than the duratIOn of our spreadmg ex-
penments Hence, our "thm aqueous film" from thiS pomt of 
view can be conSidered as "an mfimtely deep" one Hence, 
all surfactant molecules desorbed from the surface are Imme-
dIately transferred by dIffuSIOn mto the bulk of the film. The 
latter shows that we should take mto account desorpllon of 
surfactants from the surface of the film mto the bulk but we 
can neglect the mverse transfer from the bulk of the film back 
onto the surface (that IS adsorptIon) over duratIOn of our exper-
Iments 
If the dISsolutIOn of surfactant molecules from the surface 
IS taken mto account then Eq (3) for the time evolullon of the 
hqUld profile remams unchanged but mstead of Eq (4) dunng 
the first stage of spreadmg we have the followmg two equatIOns 
ar 1 a 
- + --(ru(r,h)r) = Nj -ar, 
at r ar 
ac 1 a 
- + --(ru(r, h)c) = - j - {Jc, 
at r ar 
(30) 
(31) 
where N IS an average number of the mdlvldual molecules m a 
micelle, j IS a flux of mICelles, wruch dlSmtegrate mto the mdl-
Vidual molecules, a and {J are rates of dISsolutIOn of mdlVldual 
surfactant molecules and mICelles mto the bulk, respectively, 
C IS the surface concentratIOn of mICelles 
Equallon (31) and the transport of micelles over the lIqUId 
surface deserves further explanatIOn In [51 It was assumed that 
micelles dlSmtegrate only m the centre and are not transported 
by the surface flow Here, we suggest to relax thiS assumptIon 
and we assume mstead that mIcelles are transported along the 
hqUld surface and dlSmtegrate from above to keep the mono-
layer completely filled by surfactants Note, the transfer of 
micelles over a monolayer suggest a new poSSIbIlIty' dlsmtegra-
tlOn of micelles above the monolayer may result m a formatIOn 
of a spot of a bl-Iayer WIth higher surface tenSIOn FormatIOn 
of such spots IS a pure speculatIOn and we do not have at the 
moment any expenmental confirmatton of that phenomenon 
Dunng the second stage of spreadmg (after all mIcelles are 
dIssolved/dlsmtegrated) the only equatIOn left IS the conserva-
tlOn law for the mdlvldual surfactant molecules 
ar I a 
- + --(ru(r, h)r) = -ar 
at r ar 
2 3 FlTst stage of spreadmg Influence of 
transfer/dlsmtegratzon ofmlcelles 
(32) 
The duratIOn of the first stage of spreadmg m our expen-
ments (as well m [5]) was around t1 - 0 I s. We assume below 
that we can neglect the dlSsolullon of both mdlVldual surfactant 
molecules and micelles dunng thIS stage The latter assumptIOn 
means that both conditIOns 
1 
-»t1, 
a 
(33) 
are satisfied Simultaneously The latter assumptIons are made 
to SImplIfy our conSIderation, however, It can be Violated under 
expenmental conditIons The latter means the rate of spreadtng 
dunng the first stage deduced below IS the maximum attamable 
spreadmg rate dunng the first stage If the second conditIOn (33) 
IS VIOlated but the first condIllon (33) IS not then the latter wdl 
mfluence only the total duration of the first stage of spreadtng 
and the deduced below maxImum spreadmg rate IS not affected 
The latter maximum spreading rate dunng the first stage wtll be 
affected only If the first condition (33) IS VIOlated. In thIS case a 
real spreadmg rate dunng the first stage WIll be lower than the 
maXImum rate (see below) 
If both condItIOns (33) are satISfied the system of Eqs (30)-
(31) can be rewntten as follows 
ar 1 a 
at + -;: ar (ru(r, hW) = Nj, (34) 
ac 1 a 
- + --(ru(r,h)c) = - j 
at r ar 
(35) 
Let us multiply Eq (35) by N and add to Eq (34), which results 
m 
aA I a 
- + --a (ru(r, h)A) = 0, 
at r r 
(36) 
where A = Ne + r IS the total concentratIOn of IndlVldual sur-
factant molecules on the surface 
Let us make now the followmg Slmphfymg assumptIOns. 
• DISIntegration of mIcelles on the film surface results In 
a complete coverage of the surface monolayer by surfac-
tant molecules. The latter means that dunng the first stage 
everywhere behmd the moving front the concentrallon of 
IndlVldual molecules IS equal to the maxImum pOSSIble 
value r m, and. hence, the surface tenSIOn IS equal to Its 
mlmmum value roo 
• The surface completely covered by surfactant molecules 
behaves as a ngtd surface In the tangentIal dIrectIon 
USing these assumpllOns we deduce m AppendiX A con-
dItIOns on the movmg front dunng the first stage of spread-
Ing (A 5), (A 6) and (A 8) 
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We assumed above that the surface of the film moves as a 
ngld flat surface The latter means 2"ru(r. h) = 2" RR or 
RR 
u(r.h)=-
r 
(37) 
If we assume now a quaSI-steady state flow of the hqUld m the 
film below the movmg surface then the velocIty profile becomes 
RR z 
u(r. z) = -r-h' (38) 
SubstItutIOn of the latter expressIOn for the velocIty profile 
mto the boundary condItion (A 5) results m condItion (18) and 
substitutIon mto boundary condition (A 6) results ID R = R 
That IS. the latter boundary condItion (A 6) m the contrast to 
the prevIous conSideratIOn does not provide an equatIOn for the 
motton of the front Hence, a new conditIOn IS reqUIred ID the 
case under consideratIOn ThiS condItIOn IS the total force bal-
ance the total fnctlon force applted from the moving hqUld to 
the spreadmg film surface should be equal to the total stretchmg 
force apphed on the moving font The total fnctlOn force IS 
R R 
f 8u(r.h) . f dr 2" r~-8-z - dr = 211'~RR h(r)' 
o 0 
where we use the velocIty profile gIven by Eq (38). The to-
tal surface stretchmg apphed on the movmg front IS 2" R(ro-
Yoo) The latter two forces must be equal 
R 
Rf~-ro-yOO 
h(t.r)- q . 
o 
The mtegral In the latter equatton can be esttmated as 
foR hg~r) "'V fa. hence we conclude Rfo ,..... l1!~Yeo, or R(t) -
e(l1J;Yoo} 1)05 The latter equatIOn shows that even m thIS ex-
treme case of mfluence of surfactants on the front motIOn the 
spreadmg law remams unchanged as predIcted by Eq. (21) the 
exponent IS still equal to 0 5 m the spreading law 
The only remammg assumption left IS an assumptIon of 
quasI-steady flow m the hquld film under the part covered by 
the monolayer of surfactants Below we relax thIS assumptIOn 
We assume agam that the surface of the film moves as a ngld 
flat surface Let us assume also that the soltd surface moves so 
fast that only thm hydrodynamIc boundary layer forms under 
the film It IS ID lme With our expenmental observatIOns, where 
the duration of the first stage was m the range of 0.1 s and the 
velOCIty of the front was very hIgh 
The solutIon of the problem IS presented m AppendIX B. 
whIch results m the followmg expressIOn for the movmg front 
dunng the first stage' 
-- Jro - Yoo A-2a re: • 
3p,," 
(39) 
wluch can be conSIdered as a maxImum attalOable spreadmg 
rate dunng the first stage of spreadmg. In Eq (39) p and" are 
the bqUld denSIty and kmematlc VISCOSIty. a - I IS a dlmen-
slOniess constant (see AppendiX B for detaIls) 
To calculate the thlelcness of the boundary layer under the 
moving ngtd surfactant monolayer and the correspondmg ve-
lOCIty profile the exact system of dlfferenttal equations and 
boundary condItIOns (B l4}-(B 19) should be solved numen-
cally However. to calculate the thIckness of the film. L. be-
hind the movmg front we have to calculate the velOCIty profile 
only m a vlclmty of the movmg front Let us Introduce a thIck-
ness of the boundary layer. 8. whIch IS calculated approxImately 
In [9] m a vlclmty of the movmg front as 
8 = AJiiig(x) - AJiii(I- if2. (40) 
The latter equatIOn shows. that the thIckness of the boundary 
layer below the movmg ngld surfactant layer IS equal to zero 
on the movmg edge. 8(R) = 0 Hence. the radIal velOCIty of 
the hqUld. u(R. z) = o. 0 < z < h_. everywhere below the 
movmg edge of the ngld surfactant layer according to the def-
mltlon of the boundary layer Accordmg to the boundary con-
dItIon (A 5). whIch now should be rewntten as R(L - ho) = 
Jhh~_8 u(R_. z)dz = J:~ u(R_. z)dz = 0 The latter equatIOn 
results 10 
(41) 
WhICh shows that ID thIS case there IS no "shock wave" on the 
movmg front m the case under conslderatlon That IS. 10 thiS 
case the ngld surfactant layer "sbdes" over the surface of hq-
Uld film and does not create any "shock wave" In front The 
latter coneluslOn IS substantially dIfferent from the predIctIOn 
accordmg to Eq (18). whIch was predIcted based on quasl-
steady state flow m the film EquatIOn (41) shows that the hquld 
IS not "pushed" by the movmg front m the case under conSId-
eration and. hence. the film left behmd the front IS unchanged. 
This conclUSIOn IS an agreement WIth our expenmental observa-
nons' (1) we did not observe formatIOn eIther "shock wave" on 
the movmg front or depreSSIOn m the centre dunng the fast first 
stage of spreading m the case of low soluble surfactants How-
ever. both the "shock wave" and the depreSSIOn formed dunng 
further stages of spreadmg m the case oflow soluble surfactants 
when the front motton slowed down. (11) both "shock wave" on 
the movmg front and the depreSSIOn In the centre of the film 
formed dunng the fast first stage of spreadmg In the case of 
soluble surfactants We used thiS conclUSIon below at the con-
SIderatIOn of the dry spot formatIOn 
Note. the dependence (39) was deduced under the follOWing 
assumptions. 
• Instantaneous dlsmtegratIOn of micelles on the film surface 
and as a result the surface layer IS completely packed WIth 
surfactant molecules 
• DIssolutIOn of both mIcelles and indiVIdual surfactant 
molecules was neglected 
• The monolayer was assumed ngId 10 the tangential direc-
tion. 
o Reynolds number IS hIgh enough and the flow takes place 
only In a thm boundary layer under the surfactant mono-
layer. 
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VIOlatIOn of any of the above assumpltons will result m a 
slower movement of the hquld front as compared with the pre-
dicted by Eq (39). 
Let us consider the first assumptIOn The velocity of the film 
m a vlclmty of the centre IS given by Eq (37). which can be 
rewntten usmg Eq (39) as u(r. h) - t:,PtO 5. that IS should 
grow over time to keep the film surface ngld However. the rate 
of disintegratIOn of micelles has a fil1lte lImited value Hence. 
as time progresses the rate of disintegratIOn of micelles Will be· 
come unable to proVide enough mdlVldual molecules to keep 
the surface ngld 
The last IS the assumptIOn of high Reynolds number on the 
movmg front Re - ~ »1 Accordmg to Eq (39) we con-
clude that 
3hoA Re---
4vtO 25 
(42) 
decreases With I1me and the adopted assumpl10n Re» I be-
comes mvahd over the time If we adopt to esltmatlOn that 
Re > 100 should hold dunng the first stage of spreadmg. then 
the duratIOn of thiS penod accordmg to Eq (42) Will be 0 08 s. 
which IS m a reasonable agreement With expenmentally ob-
served duratIOn 0 I s 
2 4 Second stage of spreadmg 
Below we Ignore the presence of the transitIOn stage of 
spreadmg. The second stage of spreadmg starts after all mi-
celles are dlsmtegrated. the flow m the film becomes quasl-
steady. that IS. the hqUld flow occupies the whole film but not 
only a thm boundary layer and. hence. the fnctlOn becomes 
higher In thiS case Eq (32) descnbes the surface concentra-
110n dlstnbutlOn over the film Let us multiply Eq (32) by 2", 
and mtegrate from 0 to R talong mto account boundary condi-
tIOn (19) on the movmg front The latterresults m 
dQ dt = -aQ, Q(O) = Qo. (43) 
where Q(t) = 2" foR r r dr IS the total amount of surfactant 
molecules on the surface and Qo IS the mltlal amount of sur-
factants Integration of the latter equation results In 
Q(t) = Qoe-·
' 
(44) 
The latter equatIOn shows that (I) the total amount of sur-
factants on the film surface decays over time exponenttally and 
(n) the spreadmg process finally stops because all surfactant 
molecules dissolves m the bulk of the film We sl1ll assume that 
thiS time Interval 1S much smaller than the charactenstlc time 
scale of diffUSIOn of surfactant molecule m the deep of the film 
and complete saturatIOn of the film by surfactant molecules 
Now the concentratIOn gradient on the movmg front can 
be estimated SImilar to the prevIOUS qualItative consldera· 
tlon as a~(R) __ reO) re R) _ Qne-O' SubStitutIOn of the 
r R --;-;r-
latter expressIOn mto boundary conditIOn (26) gives R(t) -
-2hoY'(0) Q;~7' = 2ho[Y'(0)[ Q;;;t SolutIOn of the latter 
dlfferenl1al equation With the boundary conditIOn R(tl) = Rio 
IS 
R(t) - (8hoIY'(O)1 ;; (I - .-.(1-11») + Rt )"25. (45) 
The latter equalton shows that. (I) at slow dissolutIOn. that IS, 
at t - tl « Ila we recover Eq (29) m the case of msoluble 
surfactants. (n) at t - tl » Ila the radIUS of spreadmg tends to 
a lImiting value. Roo 
(46) 
that IS the spreadmg front gradually tends to the hmllmg POSI-
tIOn Roo and stops after thIS poSItion IS reached 
The conclusIOn IS as follows the dissolution of surfactant 
molecules results m a slower motIOn of the front as compared 
With the predlclton (22) or (29) for msoluble surfactants and It 
results m a full stop of the motIOn m the end 
25 Dry spot formatIOn 
Accordmg to our expenmental observatIOns the dry spot m 
the centre of the film forms m some cases and m others does 
not Below we try to explam the difference based on the above 
theoretical conSIderatIOn 
In all expenmental cases (see below) the dry spot formalton 
(If any) was detected dunng the mtermedtate stage of spreadmg. 
that IS after the first stage of spreadmg was fimshed The latter 
means that the dry spot formed If the thICkness of the film m 
the centre was thm enough. that IS 10 the range of surface forces 
actIOn. to rupture after the first fast stage IS over 
In the case of msoluble or low soluble surfactants as pre-
dicted by Eq (39) the spreadmg rate of the front IS the highest. 
however. accordmg to (41) the height of the movmg front IS 
zero. The latter means that the thickness of the film left behmd 
the fast movmg front (39) IS bigger than m the case of slower 
motIOn predicted by (22) The latter results m a lugher POSSI-
blhty of the dry spot formatIOn m the case of a slower movmg 
front than m the case of the fast movmg front 
The expenmental data presented m Table I (the last column) 
shows that the latter conclusIOn IS valId In the case of low sol· 
uble NPIO and Tween® 20 solutIOns. when the dry spot did not 
form at all (fast movmg front) (Fig 3) In the case of high sol-
uble DTAB (slow mov1Og front) a dry spot of megular shape 
formed (FIg 4) The megular shape of the dry spot m the case 
ofDTAB (FIg 4) can be explamed as follows accord1Og to our 
theory predlclton, Eqs (45)-(46). the movmg front slows down 
and eventually stops m the ca,e of hIgh soluble surfactants The 
latter IS In an agreement With the expenmental observation of 
the mov1Og front m the case of DTAB solutIOns However. the 
formed dry spot stilI tnes to expand These two opposIte trends 
result m the mstablhty of the dry spot front 
The SItuation IS completely different In the case of SDS so· 
lutlon Solublhty of SDS (and so does the front velOCIty) IS 
mtermedlate between DTAB and NPIO or Tween® 20 In the 
case of "small" droplet (1 5 ~I and concentratIon of surfactant 
20 g/l) the dry spot did not form and the SituatIOn was SImIlar to 
that presented ID Fig 3. Duration of the first stage In thiS case 
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Table I 
Propert ies of surfaclnnlS used, exponent in the spreading law 
Mnterials Molecular Concentration Droplet 
"0 
weight (g/ I) volume (mm) 
(g/mol) ("I) 
DTAB 308.35 20 1.5 0.32 
SOS 288.38 20 1.5 0.32 
SOS 288.38 20 3.0 0.32 
SOS 288.38 40 1.5 0.32 
NPIO 651.00 20 1.5 0.32 
NPIO 651.00 20 1.5 1.59 
Twecn® 20 1227.54 20 1.5 0.32 
InR 
2 
-
a 
2 b 
In R~ 
2 c 
In t 
Fig. 2, Motion of the spreading front; short summary of theoretical pre-
dictions. (a) Low soluble surfaclants: I-the fi rst fast slage of spreading 
RCt ) = A13/4 (according 10 Eq. (9); 2-scoond slower singe of spreading: 
RCt) - (8110Iy'(O)I~(1 - Id + R1>o.2S (according 10 Eq. (29». (b) In· 
termediate solubility of surfllClants: both first (line I) and second stage 
(li ne 2) of spreading slower than corresponding stages in the case of low 
soluble surfactnnts and located in between low soluble (a) and high solu-
ble (c) cases. (c) Highly soluble surfactants: I-the firs! sUlge of spreading 
R(t) .... 2(110 Iy'(O)trlllt)O.s according to Eq. (27): 2-the second stage ac· 
cord ing to Eq. (45): R(t) "- (8!JO l l(O)I~(I - e-a(t - q » + Rt)O.25, and 
Roo "- (8Jroly l (O)I~ + Ri>O.25 according to Eq. (46). That Is, the front does 
nOt move beyond Ihe limiting value Roo . 
was ...... 0.15 s. To investigate the dry spot formation we tested 
two different cases: a "big droplet," 3 ~J , at "Iow" SOS concen-
tration 20 g/ I (but still above CMC) and "small" droplet, 1.5 ~I, 
at "high" SOS concentration 40 g/ 1. In both cases the dry SpOI 
of a regular shape was formed (Fig. 5). The duration of the first 
stage was 0.3 s, that is longerthan in the case of "smali" droplet 
and "Iow" concentration (0.2 s). The latter means that in the in-
termediate case the increased duration of the first stage results 
in a thinner film in the centre and the consequent rupture and a 
dry SpOI formation. 
2.6. ShorI summary of theoretical predictions 
2.6. 1. Motion of the spreading/mtll 
The summary is presented in Fig. 2, where our prediction of 
the spreading from motion are summarised for the cases of low 
soluble, intermediately soluble and highly soluble surfactants. 
/" Ihe case of low soluble sur/aclallls (a in Fig. 2) the fi rst 
fa st stage of spreading proceeds as R(I ) = 1.1 3/4 (according to 
Eq. (39), while the second slower stage of spreading develops as 
CMC Exponcll\ ExponcnI Dry spot (exponent)! 
(mmol/l) 1st stage 2nd stage Duration of the first 
stage 
15.60 0.54 ±0.02 0.00±0.01 Irregular/IS s 
8.30 0.56±0.02 0.18 ± 0.03 NoIO.15. 
8.30 0.55 ± 0.04 0. 17 ± 0.01 0.25 ± 0.01/0.3 , 
8.30 0.55±0.02 0.19 ± 0.03 0.25 ± 0.02/0.2. 
0.08 0.65 ±0.02 0.23 ±O.Ot NoIO.13. 
0.08 0.65±0.01 No/no second stage 
0.05 0.73±0.01 0.28 ± 0.00 NoIO. 15. 
.Fig. 3. Spreading or low soluble NPI O or1\veen® 20 solutions. Formation or 
only moving front. a dry spot does nOl rorm in the centre. Droplet size is 1.5 Jll. 
Fig. 4. Spreading or high solu ble DTAB. Droplet s ize is 1.5 jJl. Irregular dry 
spot formation. 
R(I ) - (8hoIY ' (O)I~(I-II l+ Rl )o.25 (according to Eq. (29)), 
that is, R(I) - (I - (1 )°.25. Note, the flow during the first fast 
stage of spreading is located in a thin boundary layer. Hence, 
the spreading law should be independent of (he film Ihickness 
according to the theory above. 
III Ihe case of highly soluble sur/aclallls (c in Fig. 2) the 
fi rst stage of spreadi ng proceeds as R(I ) - 2(holy' (0)l r.,I )0.5 
according to Eg. (27), whi le the second stage according to 
'Eq. (45) R(r) - (8hOIY'(0)1~(l - .-.(H\») + Ri)o.25, and 
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Fig. S. Spreading or SOS either 3 ~ l "big" droplet and "low" concentration 
20 gfl. or 1.5 J.l1 "small" droplet with "high" concentration 40 gll. Formation 
or both the moving rront and the dry Spol (a regular circle) is clearly scen. 
Roo - (8hOIY'(0)1~ + R; )O.25 according to Eq. (46). That is, 
the front does not move beyond the limiting value Roo . 
III the case 0/ imermediarely soluble suTj'acrams (b in Fig. 2) 
both the first and second stages of spreading are situated in be-
tween cases of low and highly soluble surfacrant. 
2.6.2. DIy spot/ormatioll 
In the case of insoluble or low surfactants as predicted by 
Eq. (39) the spreading rate of the front is the highest, however, 
according to Eq. (4 1) the height of the moving front is zero. The 
latter means that the th ickness of the fi lm left behind the fast 
moving front (39) is bigger than in the case of slower motion 
predicted by Eq. (22). The lauer results in a higher possibility 
of the dry SpOt formation in the case of soluble surfactants than 
in the case of the low soluble surfactants. 
We expect instability of the dry sport edge in the case of 
highly soluble surfactants. 
3. Experimental 
3. 1. Materials 
Surfactants used in the experiments were analytical grade 
sodium dadecyl sulphate (SOS) purchased from Fisher Sci-
entific UK, 99% pure dodecyltrimethylammonium bromide 
(DTAB) and Tween® 20 from Acros Organics UK, and 
Tergitol® NPIO from Sigma-Aldrich, UK. The CMC and mole-
cular weights of surfactants are given in the Table I. The solid 
substrate used in the spreading experiments is a 20 cm diameler 
borosilicate Petri dish. Aqueous solutions of these surfactanls 
were prepared at concentrations of 20 or40 g/ I in all the exper-
iments. 
3.2. Methodology 
10 or 50 ml of distilled water were used to create a unifonn 
thin aqueous layer, which covers the bottom of the Petri dish. 
De-welting of the aqueous layer does not occur because the 
Petri dish was washed before each experiment according to the 
following protocol. The Petri dish was c leaned by (i) soaki ng 
it in chromic acid for 50 min, (H) extensively rinsing with dis· 
ti lled and deionised water after that. and (iii) dried in an oven. 
The cleaning procedure was repeated after each experiment. By 
spreadi ng of 10 ml (or 50 ml) of distilled water, a thin wa-
ter layer with thickness 0.32 mm (or 1.59 mm) was deposited 
even ly across the surface of the Petri dish. A small amount of 
talc powder was homogeneously smeared over the surface of 
the aqueous layer to trace the motion of the liquid fronl under 
the action of surfactants. High precision 5 I1i Hamilton syringe 
(Hamilton GB Ltd., UK) was used to inject 1.5 or 3 ~I droplets 
of aqueous surfactant solutions on the top of the aqueous layer. 
A mechanical manipulator was structured to enable placement 
of the surfactant dr<?plet on the thin aqueous layer whilst min· 
imising the kinetic impact of the surfactant droplet and capi llary 
waves on the thin aqueous film. 
The entire spreading process was captured using a high 
speed video camera (Olympus i-Speed) at a rate of 500 frames 
per second. The recorded video was then analysed using Olym-
pus i-Speed software, tracking the posi tion of the moving frontl 
dry spot for the spreading process. Three tracking points of the 
spreading front radius were measured to obtain an average. The 
pixeUlength calibration was done using a known length. For 
each sample, the experiment was repeated to produce at least 
5 sets of data and each experimental point below is averaged 
over 5 experi mental points. No instabilities of the moving front 
were detected in any experimental run. 
4. Results and discussions 
4.1. Spreadillg!rolll 
In all experiments we observed a formation of a circular 
moving liquid front (Fig. 3). The front moved from the cen-
tre to the periphery of the Petri dish. The time evolution of 
this front, R(t ), was monitored. All experimental dependences 
of R(t ) were plotted using log-log co-ordinate system. In all 
cases considered, we found the motion of the front (0 be in two 
stages: a fast first stage and a slower second stage. The power 
law exponents were obtained by fining experimental data (with 
a minimal fit of 95%) by straight lines. Note, there is an ambi-
guity in determinillg the point where the 1st stage ends and 2nd 
stage starts: the exponents in the spreading law are relatively 
sensi ti ve to the selection of these "cut-olf" points. However. 
exponents in the case of high and low soluble surfactants were 
safely separated. 
We assumed that the lower CMC the lower solubility of the 
cO rTesponding surfactant is (see the Table I). The latter means 
that OTAB has the highest solubility, SOS has an intermedi-
ate solubility, NPIO and Tween® 20 are low soluble surfactants 
with Tween® 20 having the lowest solubility. 
Experimental results using SOS were compared to the pre-
vious experimental measurement rS] and it was found to be in a 
reasonably good agreement having in mind that we used in our 
experiments high speed video camera, which allowed us to take 
more frames during the first fast stage of spreading and to get a 
higher precision in determining corresponding exponent~ . 
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100,---------------------------------, 
<> SOS-1st stage 
• SOS-2nd stage 
A DTAB-lst stage 
• DTAB-2nd stage 
o NP10-1ststage 
• NPl 0-2nd stage 
• 10~~------------------------------~ 
001 01 
t (5) 
Fig 6 Log-log plot of spreadmg front agrunst bme of surfactant With different 
solubility upper curve (NPIO. lowest solubility), mtermedlate solubility SOS. 
bottom curve (DTAB. highest solubtltty) 
100,-------------------------------, 
o NP10-lst stage 
• NP10-2nd stage 
o Tween20-1 st stage 
• Tween20-2nd stage 
10~~~------------------------~ 
001 01 
t (5) 
Fig 7 Log-log plot of spreading front agamst Ilme of surfactant With different 
molecular weIght but slITuiar low solubility 
The Table I shows the fol!owmg trend decreasmg the solu-
bIlIty of the surfactant results m an Increase of both exponents 
for the first and second stages of spreadmg DTAB IS tWIce more 
soluble than SDS, however, they gIve sInular exponents dunng 
the first stage and very much dIfferent for the slower second 
stage. In the case of DTAB the spreadmg front was observed to 
reach a IImltmg posItIOn as predIcted by Eqs (45)-(46) m the 
case of hIghly soluble surfactants (FIg 6) 
In contrast, m the case oflow soluble surfactants, NPIO and 
Tween® 20, the first stage was found to have an exponent of 
065 ± 0 02 and 073 ± 0 01, respectIvely The latter IS very 
close to the maxImum theoretIcal value of 075 (Eq (39)). The 
second stage gIves the fol!owmg exponents 0 23 ± 0 0 I and 
028 ± 0 00, respectIvely, winch are very close to the theoret-
Ically predIcted exponent 025 In FIg 7 we show separately 
spreadmg rates m the case of less soluble surfactant NPIO and 
Tween® 20 ThIs figure shows a very close resemblance of the 
behaVIOur of the front In these two cases, 
FIg 7 also shows that the molecular weIght (at low solubIl-
Ity) does not mfluence substanbally the exponents m the first 
or second stages The Independence of the spreadIng process of 
• 
10~----------------------------~ 
001 01 
t (5) 
Fig 8 Motion of the front In the case of low soluble NPlO companng different 
lrunai film thickness 
the molecular weIght can be explatned as follows The mole-
cu!ar weIght of surfactant molecules IS essential for (I) sur-
face/bulk dIffuSIOn (the hIgher the molecular weIght the lower 
the dIffuSIOn IS), (n) kmetIcs of adsorptIOn on the surface (the 
hIgher the molecular weIght the lower the adsorptIOn kmetlcs 
IS) However, both processes (dIffUSIOn and adsorptIOn) are neg-
hglble In the processes under consIderatIOn 
Accordtng to our theory, the maximum attamable velOCity 
of the front dunng the first stage (39) IS reached m the case of 
msoluble or low soluble surfactants. In thIS case the flow IS lo-
cated m a thm boundary layer nght beneath the film surface 
The latter means that accordmg to the suggested mechanIsm 
the velOCIty of spreadmg does not depend on the film tlnckness 
dunng the first stage of spreadmg To check the valIdIty of the 
assumption made we Investigated the kInettcs of the front mo-
tIOn of low soluble surfactant NPIO over two films of dIfferent 
thIcknesses 0 32 and I 59 mm In the second case the thIck-
ness was almost 5 times bIgger than the usually used thIckness 
032 mm m other expenments The expenmental results are pre-
sented m FIg 8 ThIS figure shows that over the duratIOn of the 
first fast stage of spreadmg kmetlcs of the front motIOn IS Iden-
tIcal over these two films After the first stage of spreadmg IS 
over, the kmettcs becomes very much different as It should be' 
m the case of thm film, 0 32 mm, the flow occupIes the whole 
film thIckness and the fnctton becomes hIgher The latter re-
sults tn a slower motton of the front However, In the case of 
thIcker film, 1.59 mm, flow still does not reach the bottom of 
the film and the fnctlon IS lower The latter results m a faster 
motIOn ofthe front 
Fig 8 confirms our theorettcal assumptton on a flow tn a thtn 
boundary layer of the lIqUId under a ngld surface completely 
-covered by surfactants. 
5_ Conclusions 
An expenmental procedure was deSIgned to mvestlgate the 
mfluence of Marangom force on spreadmg of surfactant solu-
tIons over thIn aqueous layers Our expenmental observations 
can be summansed as follows 
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• In all cases under consideratIOn we observed two stages of 
the front motlon the first fast stage. which foHowed by a 
slower second stage 
• Both the first and the second stages of spreadmg conSid-
erably depend on the solublhty of surfactants the lugher 
solublhty the slower both the first and the second stage 
• !fthe solublhty IS lugh enough then dunng the second stage 
the front reaches some final position and does not move any 
further 
• The lower solublhty the higher the exponent m the spread-
mg law dunng the first stage and for low soluble surfactants 
It reaches 0 75. 
• FormatIOn of the dry spot m the centre IS determmed by the 
speed ofthe first stage and. hence. the dry spot forms m the 
case of soluble surfactants and does not fonn m the case of 
1Osoluble surfactants 
A theoretical treatment of the kinetiCS of spreadmg was sug-
gested Accordmg to our theoretical predictIOns low soluble 
surfactant produced a faster 1st and 2nd stage. In our exper-
Iment low soluble surfactant (Tween® 20) produced a power 
law exponent 073 ± 0 01, bemg closest to the maximum at-
tamable spreadmg rate 075 predicted theoretlcaHy. Eq (39) 
For highly soluble surfactant DTAB. the solublhty was most 
slgmficant dunng the second stage where the spreadmg front 
reached some final posItion and does not move any further 10 
the agreement With our theoretIcal predictions. 
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Appendix A. Boundary conditions on the moving font 
during the first stage of spreading 
MultlphcatlOn of Eqs (3). (30) and (31) by rand mtegratlon 
over r from rl to r2. " < R(t) < r2 Yields 
r2 h2 hi 
:t! rh(t.r)dr+r2! u(r2.Z)dZ-rl ! u(".z)dz=O. 
rl 0 0 
,., 
i! rT(t,r)dr +r2u(r2. h2)Tz - rlu(rl. hl)n dt 
'I 
,., 
= ! (NJ -aT)rdr. 
'I 
(A I) 
(A 2) 
,., 
i! rc(t. r) dr + r2u(r2. h2)C2 - "u(rl. hl)cl dt 
,., 
= !(-J-fJc)rdr. 
" 
(A 3) 
where we use the foHowmg abbrevIatlOn I, = I(r,) The time 
denvatlves m the left hand Site ofEqs (A I)-(A 3) can be trans-
formed m the foHowmg way: 
!j,I(t.r)dr=!(tl(t.r)dr+ I r/(t.r)dr) 
rl T! R{t) 
R(t) 
! ol(t. r) . = RRI_ + r-o-t - dr - RRI+ 
" ,., 
! ol(t. r) dr + r-o-t-' 
R(t) 
(A 4) 
where I± = I(t. R±) Let us conSider the foHowmg hmlts 
rl tends to R(t) from below (t) and r2 tends to R(t) from 
above U) In thIS hmlt both mtegrals ID the left hand Side of 
the latter Eq (A 4) vaDlsh. The same IS true for the mtegrals m 
the nght hand Site of Eqs (A 2)-(A.3). they also vanISh From 
Eqs. (A I}-(A 3) usmg the same hmlts" t R. r2 ~ R we con-
clude' 
h-
R(h- -ho) = ! u(R_.z)dz. 
o 
R = u(R_. h-). 
c_(R - u(R_.h_») = 0, 
(A 5) 
(A 6) 
(A.7) 
where we used the follow1Og condltIons no disturbances pene-
trate ID front of the movmg front The latter assumptlOn results 
m h+ = ho. T+ = c+ = u(R+. z) = O. which are used for the 
denvatlOn of conditions (A 5)-(A 7) We also used an assump-
tIOn T(t. R_) = Tm. that IS the whole movmg film dunng the 
first stage IS completely covered by a monolayer of surfactants 
Condlhon (A 7) mclude two condltlons conditIOn (A 6) and 
(A 8) 
Condlhons (A 5). (A 6) and (A 8) are the reqUired boundary 
conditIOns on the movIng front dunng the first stage of spread-
mg under conSIderation. 
Appendix B. Exact solution in the case of boundary layer 
problem: motion of a rigid disk of surfactants over the film 
surface 
We assume that the length scale m the radial directIOn IS 
much bigger than the correspondmg length scale In a honzontal 
dIrectIOn Under thiS slmphfylOg assumptiOn the NaVler-Stokes 
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equatIOns take the following form' 
au au au a2u 
-+u-+v-=v-, 
at ar az az2 
au + av +~=O 
ar az r 
With the following boundary conditIOns (see Eq (38)) 
RR 
u(t, r, 0) = -, 
r 
R 
f au(t,r,O)d ) 2,,~ r r = 2" R(m - Yoo , az 
o 
vet, r, 0) = 0, 
u(t, r, 00) = vet, r, 00) = 0, 
(B I) 
(B 2) 
(B 3) 
(B 4) 
(B 5) 
(B 6) 
where vet, r, Z) IS the aXIal velOCity Note, the axes z now di-
rected downward and z = 0 correspond to the film surface 
Below we follow the method suggested In [9] However, the 
problem under conslderatlon IS substantially different from that 
solved In [9] 
Let us mtroduce the followmg new vanables and unknowns 
marked with overbar. 
r = t3/ 4r, z = t l / 2Z, u = t- I / 4u, 
v = t- I/ 2v, R(t) = At3/ 4 , (B 7) 
where A IS a new unknown constant, velOCIties u(f, z), v(f, z) 
depend on spatial co-ordinates and do not depend on time. 
SubstItutIOn of new van abies and unknowns accordmg 
to (B 7) Into the system of dlfferentlal equatIOns and bound-
ary condItIOns (B I)--(B 6) results m the follOWing system of 
differential equatIOns and boundary conditions with only two 
vanables (r, z) Instead of three vanables (t, r, z) mmally: 
I _ (_ 3 _) au (_ 1_) au a2u 
-4u + u - 4' ar + v - 2z az = v az2' 
au av u 0 
ar + az + ji = , 
3A2 
u(r,O)=4r' 
A 
f _au(r, 0) d- _ A-m - Yoo r~ r_ 11' 
o 
ii(i',O) = 0, 
u(r, 00) = v(r, 00) = 0 
(B 8) 
(B 9) 
(B 10) 
(B.II) 
(B 12) 
(B 13) 
The system of equatIOns and boundary conditions (B 8)-CB 13) 
mclude the follOWing three dImensIOnal parameters kmematlc 
and dynamiC VISCOSity. v, TJ. and surface tensIOn difference, 
YO - Yoo 
Below we mtroduce new dlmenslOnless vanables and values 
(which are marked by the same symbols With an overbar) as 
follows. 
r --> if A, 
v --> v/CO 75 
u --> U/(O 75· A), 
..;V), 
where P IS the water denSity. a 18 a new dlmenslOnless unknown 
parameter (see below) 
USing the latter new notations we can rewnte system (B 8)-
(B 13) as 
I 3 au (3 I) au a2u 
-4u + 4(u - r) ar + 4v - 2z az = az2' 
au av ~-O 
a- + a- + - - , r Z r 
u(r,O)=I, 
I 
f _au(r, O) d- I r _ r=""2' az et 
o 
v(r, 0) = 0, 
u(r, 00) = v(r, 00) = 0 
The latter results 10 
A = 2ctJro - Yoo 
3p..;V 
(B 14) 
(B IS) 
(B 16) 
(B 17) 
(B 18) 
(B 19) 
(B 20) 
The system (B 14 )-(B 19) mclude one unknown dlmenslOnless 
constant, a. and does not mclude any other parameters The 
latter means that 
(B 21) 
The dlmenslOnless constant a can be detenruned by a numencal 
integratIOn of the system (B 14)--(B 19) 
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Abstract 
Expenments on spreadmg and evaporatIon of sessIle droplets on a sohd substrate under various conditIons are reported and compared to the 
developed theoretical model The lIquids used were alkanes heptane and octane An hqUlds completely wet glass substrates used The time evolutIon 
of the radiUS of the droplet base, contact angle and the droplet height were mOnItored The developed theoretical model predicts that measured 
radiUS and contact angle data, and the subsequently calculated volume data, would fall onto respectIve theoretical 'unIversal curves' Expenmental 
data both extracted from lIterature and our own confirmed thiS theoretical prediction The predicted unIversal curves fatrly fit expenmental data 
both extracted from literature sources and our own 
© 2007 Elsevler B V All nghts reserved 
Keywords Evaporabon. Spreadmg, Complete wettmg, Alkanes. Umversal behaviour 
1. Introduction 
Spreadmg and evaporatIOn of droplets over solId, non-porous 
surfaces IS a fundamental process WIth a number of applIcatIOns 
m coatmg. pnntmg and pamllng In the sltuatlOn of complete 
wettmg on a dry. non-porous substrate. a volatIle lIqUId droplet 
undergoes two competmg mechanIsms, whIch occur until the 
droplet has completely evaporated' (a) spreadmg. whIch results 
m an extensIOn of the droplet base and (b) evaporatIOn. whIch 
results m a shnnkage of the droplet base The latter process 
alters the dynamICs of the droplet spreadmg as compared WIth 
non-evaporatmg case through the correspondmg changes to the 
radiUS of the base and the contact angle 
The baSICS of the process of behaVIOur of evaporatmg drops 
mcludmgthe mfluence of surface forces actIOn m a VlcmIty of the 
movlOg three phase contact lIne were developed 10 refs. [1.2] 
Recently the evaporation process was mtenslvely Investigated 
usmg expenmental [3-10] and computer SImulatIon methods 
[11.12] 
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A number of expenmental Investigations of the evaporatIOn 
and spreadmg droplets have been undertaken m refs [4-8] usmg 
alkanes and other bqUIds on a non-porous, complete-wettmg 
surfaces The behaVIOur of both hangmg and seSSIle droplets of 
water and octane. and the mvestIgalIOn of profiles of droplets 
of a polydlmethylslloxane olIgomer was undertaken m ref [4J 
A further study of the dynamICs of these olIgomer droplets was 
carned out m ref [8] In ref [5]. a model was developed to 
account for the dynamIC behaVIOur of alkane mIxtures and [6] 
predIcted a power law dependency between the radIUS and the 
contact angle It was confinned m ref [9] that usmg varymg non-
porous substrates, the evaporatIOn rate IS directly proportional 
to the radIUS of the droplet base. as prevIOusly reported 
The Important conclUSIOn of these mvesttgatIOns IS the 
unusual dependency of the volume of evaporatmg droplet. V. 
on time, t' 
dV(t) 
-- = -etL(t) dt • (I) 
where L(t) IS the radIUS of the droplet base on tIme and et IS 
a proportIOnalIty constant Eq (I) states that the evaporatIon 
rate IS not proportIOnal to the surface of the evaporatmg droplet 
(that IS not to L2(t)). but to the first power of the droplet base . 
The latter means that the droplet mostly evaporates close to the 
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Nomenclature 
a capIllary length 
C IOtegratlon constant 
g gravity acceleratIOn 
h heIght of droplet 
L radIUs of the droplet base 
p pressure 
u,v 
V 
time 
tangential and vertical velocIty component 
volume 
x, y coordmates 
Greek symbols 
et proportlOnahty constant 
8 h ',t, parameter mSlde the vlclmty of the movmg 
contact hne 
E h "r', slope of the droplet 
y mterfacIal tenslOn 
~ dynamIC VISCOSIty of a hquld 
}.. t;/tmax 
8 dynamIC contact angle of the droplet 
p droplet denSIty 
l' toltmax 
(J) effective lubncatlon parameter 
Subscnpts 
o InitIal 
e evaporation stage 
m moment when the droplet reaches Its maximum 
radIUs 
max maxImum 
11 VISCOUS 
+ spreadmg 
shnnkage 
Superscnpts 
* charactensttc value 
dlmensIOnless 
penmeter We can try to rewnte the proportlonahty constant as 
et = 21f}Ll, where} IS a hneas evaporation rate (cm/s) and 21f 6L 
IS an effective area of a nog 10 a VIClruty of the movlOg three 
phase contact Ime, where most evaporatIOn takes place. 
The above hneas dependency of the evaporatIOn rate on drop 
base radIus has also been demonstrated for pmned drops [3,161 
The vapour flux was calculated [161 from a dtffuSlon equatIOn 
and the evaporatIOn flux along a droplet surface IS depIcted m 
Fig 1. The flux mcreases as one moves from the droplet centre 
towasds the contact hne at the edge. The latter also has been 
confinned by mathematIcal modellmg of the evaporatmg flux 
(FIg 2 [18]) However, the phySIcal reason for thIS phenomenon 
IS yet to be understood Below we use Eq (I) m our theoret-
Ical treatment of evaporatIOn accompanied by a sImultaneous 
spreadmg. 
\o:tIlCal (11'1'1111(111 Y mm 
I 
os 
rruhnl pOSition r,mm 
Fig I EvaporatIOn flux along a sessde drop surrace L 16] 
The malO focus of the developed theoretical model below IS as 
follows: If the reduced radIUs, reduced volume and the reduced 
contact angle are plotted agalOst the reduced tIme, the whole 
asray of expenmental data WIll follow a correspondmg umversal 
curve A SlfOIlas theory has been developed easher m ref. [I3J 
for a spreadmg of lIqutd droplets over dry porous suhstrates m 
the complete wettlOg case 
2. Theory 
Let us conSider a small hquld droplet on a complete wettIng 
.soM substrate. The smallness of droplets means that their SIze IS 
small compared wIth the caplllasy length and, hence, the actIOn 
of gravity on the droplet can be neglected The dynamICs of the 
droplet IS defined by two competmg mechanISms spreadmg, 
which results In an extensIOn of the droplet base, and evapo-
ratIon, whIch results m a shnnkage of the droplet base. Both 
processes occur Simultaneously throughout the expenment The 
spreadlOg stage of the droplet over the sohd substtate IS Initially 
the major factor m the change of the droplet's shape, but ItS effect 
lessens over time Once the spreadIng effect reduces evaporatIOn 
becomes the key factor m detenmnmg the droplet's dImenSIOns. 
First of all, It IS shown that 10 the expenments presented 
below, as well as m expenments m refs [4-8], the droplet should 
remam a sphencal shape m the course of spreadlOglevaporallOn 
ConSIder, for Slmphclty, an example of spreadlOg of 
two-dImenSIonal (cyhndncal) droplets In the case of water 
(y = 72 5 dynlcm, p = I glcm3), hence, the caplllasy length 
a - 0 27 cm All the droplets under conSIderation ase expected 
to be smaller than the latter length 
E laporalllm flu '(. ut .glmm2 s 
6 
4 
, 
, 
-MLlhlAI 
____ MLlILlI'11T 
J 
t /' 
/" -~/ .' 
I ---------------::-::.- .. . ' 
-I---T.O'<'---0::-"-'---;;0C;6---;';";) ';---;1"0'-'" 
Fig 2 Local mass evaporatIOn flux along the mterface of a drop of methanol 
on alunumum and PTFE substrates rl81 
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The two Important relevant parameters are the Reynolds num-
ber, Re, and the capIllary number, Ca We show below that If 
both numbers are small then the droplet should be of a sphencal 
shape The Reynolds number charactenses the Importance of 
mertIal forces as compared WIth VISCOUS forces In the case of a 
two-dImenSIOnal droplet, the Navler-Stokes equatIOns WIth the 
mcompresSlblhty condItIOn take the followmg fono' 
(~ ~ ~) ~ (~u ~u) p -+u-+v- =--+~ -+- , al ax ay ax ax2 ay2 (2) 
( av av av) ap (a
2
v a
2
v) p -+u-+v- =--+~ -+- , 
al ax ay ay ax2 ay2 (3) 
au av 0 
ax+ay= , (4) 
where jj = (u, v) IS the velOCIty vector, the gravIty actIOn 
IS neglected, (x, y) the coordmates and p, ~ and p are the 
l1qUld denSIty, dynamiC VISCOSIty and pressure, respectively 
Let U' and v' be scales of the velOCIty components m the 
tangentIal and the vertical dIrectIOns, respectIvely, and rand 
h' are the correspondmg scales m the honzontal and vertIcal 
directIOns Usmg the mcompresslbIlIty condItIOn It IS concluded 
that U* Ir· = v· I h· or v· = eU·, E = h* Ir* The denvatlve 
aulal can be eStimated as rJ It", where t' - 1 s IS the time 
of spreadmg over a dIStance of about the droplet radIUS and 
rJ - r It" Therefore, one obtams the followmg eStimatIOn 
(p(aulal))/(pu(aulax)) - ({f 1t")/«rJ)2/r) = (r 1(1' rJ» - 1 
The tenos p(aulal) and p(avlal) do not mftuence the obtamed 
results because both conSidered tenns are small as compared to 
the VISCOUS tenns (see below) 
If the droplet has a low slope, then, « 1 and, hence, the veloc-
ity scale m the vertical direction IS much smaller than the velOCity 
scale m the tangenttal duectlOn Usmg the first Navler-Stokes 
equation It IS estimated 
au au pU,2 
pu- -pv- ---ox oy r*' (5) 
a2u 2 a2u a2u 
~ i)x2 -, ~ ay2 « ~ ay2 ' (6) 
The latter estImations show that all denvatlves m the low slope 
approXimatIOn m the tangential dIrectIOn, x, can be neglected as 
compared WIth denvatlves m the axIal duectlOny. The Reynolds 
number can be eStimated as' 
pu(aulax) pU,21r' pU'h,2 2 pU'r' 
Re - ~ - --- -, -- (7) ~(a2ulay2) ~U' I h,2 - ~r' - ~' 
or 
pU*r* Re=,2 __ 
~ 
(8) 
The latter expression shows that the Reynolds number under the 
low slope approXImatIOn IS proportIOnal to ,2 Hence, dunng 
the mlllal stage of spreadmg, when, -1, the Reynolds num-
ber IS not small, but as soon as the low slope approXimation IS 
vahd, Re becomes small even If pU*r*'T/IS not small enough 
The latter means that dunng the short Imtlal stage of spread-
109 both the low slope approxImatIOn and low Reynolds number 
approxImattons are not valId However, only the malO part of the 
spreadmg/evaporatIOn process, after the short I01tI31 stage IS over 
IS of our concern It IS shown [141 that Re should be calculated 
only m the close vlcmlty of the movmg contact hne, where the 
low slope approxImatIOn IS vahd, because m the malO part of the 
spreadmg droplet the lIqUid moves much slower than the hquld 
located close to the edges moves Hence, the mertlal tenns 10 
Navler-Stokes equatIOns can be safely omItted after short Imtlal 
stage and only Stokes equations should be used Instead 
ap (au2 a2u) O=--+~ -+- , 
ax ax2 ay2 (9) 
ap (a2v a2v) O=--+~ -+- , 
ay ax2 ay2 
(10) 
au+av=o 
ax ay 
(11) 
The capIllary number, Ca = U~/y, charactenses the relatIve mftu-
ence of the VISCOUS forces as compared WIth the capIllary forces 
To eStimate pOSSIble values of Ca let us adopt r - 0.1 cm, 
y-30dynlcm and ~_1O-2p (OIls), whIch are close to our 
expenments below Let the droplet edge moves outward a dIS-
tance equal to ItS radiUS over 1 s, which can be conSIdered as a 
very hIgh velOCIty of spreadmg The latter gIves the followmg 
estimatIOn Ca - 3 x 10-5 «1 Therefore, It should be expected 
for Ca to be even less than 10-5 over the duration of the spread-
109/evaporation process Accordmg to the fonner It IS assumed 
that both the capIllary and Reynolds numbers are very small 
except for the very short mltlal stage of spreadlOg The dura-
tIOn of the I01tlal stage of spreadmg, 10, was estimated m ref 
[14J ImmedIately afterthe droplet IS depOSIted on the sohd sub-
Slrate. In the case of aqueous droplets the latter tIme IS around 
10-1O-2s 
Let us conSIder the consequence of the smallness of the 
capIllary number, Ca« 1 usmg the same example of spread-
109/evaporatIOn of a two-dImenSIOnal (cyhndncal) droplet Let 
the length scales 10 both the x and y d,rection m the malO part 
ofthe spreadmg droplet be r, then the pressure has the order of 
mag01tude of the capillary pressure InSIde the malO part of the 
droplet, that IS p - ylr Usmg the mcompresSlb,hty condItIon 
It IS perceIved that velOCIty 10 both dIrectIOns, u and v, have the 
same order of magmtude rJ 
Let us lOtroduce the followmg dImenslonless vanables, 
whIch are marked by an over-bar 
- p 
P=Ylr" 
_ v 
V=-U· 
_ x 
X=-, 
r' 
y=L, 
r' 
_ u 
u=-
U" 
Usmg these vanables the Stokes equations can be rewntten as 
(12) 
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ap (a2D a2D) ~=Ca -+-ay ax2 ay2 (13) 
It has already been shown that Ca« I, winch means that the 
nght hand sIde of both of the above equations IS very small. 
Hence. these equations can be rewntten as. 
ap/ax = 0 and ap/ay = 0, winch means that the pressure 
remams constant mSlde the mam part of the spreadmg droplet 
The normal stress balance on the malO part of the spreadmg 
droplet IS: 
+Ca ---_- -h -+- ---h - . [ 2 {_,(aa aD) aD -l2aa}] I + hl2 ay ax ay ax 
(14) 
Usmg the condition Ca« I the equatIOn SImplIfies to 
;'" 
p = 3/2 = constant (I + hl2) 
(15) 
even m the case where the droplet profile does not satIsfy the 
low slope approXimatIOn, that IS, even If ii12 - 1 IS not small 
The latter shows that the spreadmg droplet keeps ItS sphencal 
shape over the mam part of the droplet. Note that the radIUS of 
the droplet base, R(t), changes overtime, and thIS change results 
m a quasI-steady state changes of the droplet profile. In the low 
slope approximatIOn the capillary pressure InsIde the malO part 
of the droplet ISP - y/R', whereR' - r'2/h' Thus, the capIllary 
pressure IS much smaller than P - y/r'. Usmgthe dlmenslOnless 
vanables p = (p/(y/ R')), x = x/r', y = y/ h', a = u/ U' and 
D = (I/E)(V/ U') It can be shown thatthe nght-hand SIde ofEq 
(12) mcreases by a factor (r' /h ')', and the nght-hand SIde ofEq 
(13) mcreases by a factor (r'/h') Nevertheless, because of the 
very small value of the capIllary number «10-5), the conclu-
SIon on the constancy of the pressure mSlde the mam part of the 
spreadmg droplet remams approxImately vahd Dunng spread-
mg the ratio hlr decreases and the capillary pressure decreases, 
however, the velOCIty of spreadmg also decreases, therefore the 
above conclUSIOn remams valtd for all stages of spreadmg 
The smallness of Ca means that the surface tenSIon IS much 
more powerful over the mam part of the droplet and, hence, the 
droplet has a sphencal shape everywhere except for a vlcmlty of 
the apparent three-phase contact hoe A size of this regIOn, /·,IS 
estImated m ref [14] It IS shown that the followmg mequalIty IS 
satIsfied h' «I' «r' Hence,8=h'/l'« I IS a small parameter 
inSide the vlclruty of the moving contact hne ThiS means that 
the curvature of the lIqUId mterface mSlde the vlcmlty of the 
moving contact hne can be estimated as' 
rh" 
Y(h'//'2)h" h' _ 
= '" y-h" (16) (I + 82hl2)'/2 /,2 
Hence, the low slope approxlmallon IS valId mSlde the vlcmlly 
of the movmg contact lme even If the droplet profile IS not very 
low, that IS. even If ha. "" 1 IS not small Therefore, the low 
slope approxlmatlOn can always be used inSIde the VICInIty of 
the movmg contact hne except for the case when the slope IS 
close to 1f/2. 
Followmg arguments developed 10 ref [14], the whole droplet 
profile can be subdIVIded mto "outer" sphencal regIOn and 
"Inner" reglOn In a VICInIty of the movmg three phase contact 
Ime The "outer" solutIOn (under a low slope approximation) IS 
[14] 
2V h(t, r) = -4 (L 2 - r2), r < L(t). 1fL (17) 
The latter expressIOn shows that the droplet surface profile 
remams sphencal dunng the spreadmg process except for a short 
mlttal stage Eq (17) gIves the followmg value of the dynamIC 
contact angle, 0 (tan 0 '" 0) 
4V 
0= 1fL" (18) 
or 
L = (:~) 1/' (19) 
Note, the contact angle () IS an apparent macroscopIc contact 
angle because It IS related to the "outer" sphencal reglOn and 
does not take mto account the shape of the "lOner" regIOn [14] 
The droplet motIOn IS a superposltlon of two motIOns (a) the 
spreading of the droplet over the solId substrate. which causes 
expansIOn of the droplet base and (b) shnnkage of the base 
caused by the evaporallon and so the followmg equation can 
be wntten 
dL 
- = v+ -v_. dt 
(20) 
where v+. v_ are the unknown velOCIties of the expansion and 
the shnnkage of the droplet base, respectIvely The denvatlve of 
both SIdes of Eq (19) gIves 
dL = _!(4V )1/'dO +! (_4_) 1/'dV 
dt 3 1f1l" dt 3 1fV20 dt (21) 
Over the whole duratIOn of the spreadmg/evaporatlOn, both the 
contact angle and the droplet volume can only decrease WIth 
time Accordmgly, the first tenn on the nght hand SIde of Eq 
(21) IS posItIve and the second one IS negatIve Companson of 
the latter two equatIOns YIelds 
v+=_!(4V)I/'dO > 0 
3 1f1l" dt ' (22) 
V_ = _! (_4_) 1/' dV > 0 
3 1fV20 dt (23) 
There are two substantially different charactenStlc tIme scales 
In the problem under conSideratIOn t;« t*, where t; and t* 
are the time scales of the viscose spreading and the evaporatlOn, 
respectlvely,and .. = t;/t« I IS a smallness parameter (around 
o I under the chosen expenmental condItIons, see below) Both 
time scales are calculated below Hence, L=L(T., Te ), where T. 
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IS a fast time of the viscose spreadmg and Te IS the slower time 
of the evaporatIOn The Itme denvatlve of L(T., Te) IS [15J. 
dL aL aL 
-=-+A-. 
dt aT. aT. 
Companson ofEqs (21)-(24) shows that 
v+=~=_~(4V)1/3de 
aT. 3 ",(14 dt 
v_ = _)..~ = _~(_4_)I/3dV 
aTp 3 '" v2e dt 
(24) 
(25) 
(26) 
The decrease of the droplet volume, V, wIth time IS determmed 
solely by the evaporatIOn, hence, the droplet volume, V, only 
depends on the slow time scale 
Accordmg to the prevIOus consideratIOn, the spreadIng pro-
cess can be subdIvided mto two stages 
(a) a first fast but short stage, when the evaporalIon can be 
neglected, and the droplet spreads with approximately con-
stant volume This stage goes m the same way as the 
spreadmg over dry sohd substrates and the arguments devel-
oped earher for thiS case can be used here [14J; 
(b) a second slower stage, when the spreadmg process IS almost 
over and the evolution IS detenmned by the evaporatIon 
Dunng the first stage the dependency of the droplet base 
radiUS can be rewntten m the followmg form [131. 
[
10 W (4V)3]0 I L(t)= -+ rr (t+td l , (27) 
where to IS the duration of the 100tlal stage of spreadmg, when 
Ihe capillary regime of spreadmg IS not apphcable and W IS an 
effeclIve lubncatlon parameter, which has been discussed and 
eSlImated m ref. [13J. Note, the parameter W IS mdependent of 
the droplet volume Accordmg to Eq. (27) the charactenstlc lIme 
scale of the first stage of spreadmg IS 
t' = qLO ("'L~) 3, 
• lOyw 4Vo 
(28) 
where La = L(O) IS the radiUS of the droplet base m the end of the 
very fast m1l1al stage of spreadmg 
CombmatlOn of Eqs (27) and (18) gives' 
e= - -- (t+tO)-03 ( 4V)01( q )03 
'" lOyw 
(29) 
SubslItutlOn of the latter expressIOn mto Eq. (22) gives the fol-
lowmg expressIOn for the velOCity of the droplet base expanSion, 
(
4V)03(lOyw)01 
v+ = 0 I - -- --"""" 
'" q (t + to)o 9 (30) 
Accordmg to Eq (I) the rate of evaporation IS proportIOnal to 
the radIUS of the droplet. SubstitutIOn of Eqs (1), (25), (26) and 
(30) mto Eq (20) results m' 
dL (4V)03(10yw)01_-=---c"" dt = 0 I rr -q- (t + to)o 9 (31) 
Note, accordmg to Eq (31) both spreadmg and evaporatIOn pro-
ceed Simultaneously. The latter gives a system of two differential 
Eqs (I) and (31) With the followmg boundary condIlIons 
V(O) = Vo, (32) 
10yw 4Vo 01 
[ 
3] 01 
L(O)=Lo= -q-( -;<) to, (33) 
where Vo IS the mllIal droplet volume and La IS the radIUS of the 
droplet after the very fast mlltal stage IS over Let the system of 
differential Eqs (I) and (31) be made dlmenslonless usmg new 
scales: 
_ L 
L=--, 
Lmax 
_ t 
t=--, 
tmax 
_ V 
V=-, 
Vo 
_ tm 
tm =-, 
tmax 
where Lmax IS the maximum value of the droplet base, which 
IS reached at the time mstant tm, which IS to be determmed and 
tmax IS the total duratIOn of the process, that IS the moment when 
the droplet completely evaporates Usmg Eq (\) m dimenSIOn-
less form we conclude dV/dl = -tmaxexLmaxL/vo The latter 
equation shows that the charactenslte time scale of the evapo-
ration process IS t- = Vo/aLmax Hence, the total duration of the 
whole process can differ from thiS eharactenslIe Itme scale by 
a constant only tmax = /3t-. where f3 IS a dlmenslOnless number, 
which IS eSlImated below Note, that t' and tmax (and, hence, fJ) 
are calculated below usmg expenmental data 
The value of Lmax IS determmed usmg Eq (11) althe moment 
t= tm, when dUdt= O. ThIs gives 
L2 _ 03(~)03 V.13(IOYW)01_-,,~c;: 
max - ex '" ° q (tm + to)09 (34) 
Usmg the latter defimlIon Eqs. (1) and (31) can be rewntten as 
dV _ 
dl = -fJL, 
- 09 -2 
dL = (im + ') V03 _ fJL_ 
dl fJ 3(i+r)09 3V 
With boundary condllIons 
V(O) = I, 
and 
L(O) = Lo = !j! fJ(im + .)09.0 I, 
where. = to/ tmax « I, Lo = Lo/ Lmax < 1. 
(35) 
(36) 
(37) 
(38) 
The system of two ordmary differential Eqs (35) and 
(36) mcludes three followmg dlmenslOnless parameters • = 
to/tm •• « I, fJ < 1.5, tm = tm/tmax < I (see an eslImatlOn of 
the parameter fJ below) The same symbols With an over-bar are 
used for the dlmenslOnless van abies as for correspondmg dimen-
SIOnal van abIes The latter four parameters should be selected 
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usmg the followmg four condItions 
L(I) = 0, 
V(1) = 0, 
LVm) = I, 
dLVm) = 0 
dt 
(39) 
(40) 
(41) 
(42) 
Note, that the latter two condItIons are used to detenmne only 
one parameter fm the posItIon of the maximum on the depen-
dency L(I) should comclde with that gIven by Eq (41) Thalls, 
there are only three mdependent condItIOns m (39}--(42) 
DIfferential Eqs. (35) and (36), ImtIaI condItions (37) and 
(38) and conditIOns (39) and (42) do not mclude any dlmen-
slOnal parameters or their comblOatlon. Hence, f, P. im should 
be dlmenslOnless umversal numbers The latter shows, that the 
solutIOn ofEqs (35) and (36), that IS, radIUs of the droplet base 
Lv), the volume, V(I) and contact angle (see below) should be 
unIversal functlOns of dlmenslOnless time 
Accordmg to system of Eqs. (35) and (36), dlmenslOnless 
velocities of spreadmg and shnnkage caused by the evaporation 
are as follows 
(43) 
FIg 3 shows dlmenslOnless velocIty ii+ and ii_ calculated 
accordmg to Eq (43) and system of Eqs (35) and (36). FIg 3 
shows that· 
• the duratIOn of the first stage IS short The capIllary spreadmg 
preVaIls on trns stage over the droplet base shnnkage caused 
by the lIqUId evaporation, 
• the spreadmg of the droplet almost stops after the first stage of 
spreadmg and the shnnkage of the droplet base IS detenmned 
by the evaporatIOn of the lIqUId from the droplet 
9 
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FIg 3 DlmenslOniess spreadmg (v+) andevaporatton (0-) velOCItIes according 
10 Eq (43) 
Let us conSIder the asymptotIc behaVIOur of system (35) and 
(36) over the second stage of the process, when evaporatIOn 
preVaIls VelOCIty of the expansIOn of the droplet, V+, decreases 
over the second stage of the spreadmg accordmg to FIg 3. To 
understand the asymptotIc behaVIOur, the tenn correspondmg to 
v+ In the nght hand SIde of Eq (36) IS neglected. ThIS gIves 
dL [2 
dt = -P3V ' (44) 
whIlst Eq (35) IS left unchanged The system of dIfferential Eqs 
(35) and (44) can be solved analytIcally For thIS purpose Eq 
(44) IS dIVIded by Eq (35), whIch gIves dL/dV = L/3V. ThIS 
equatIOn can be eaSily mtegrated and the solutIOn IS, 
(45) 
where C IS an IOtegratlOn constant 
Rewntmg Eq (18) USIng the same dImenSIOn less vanables 
as above results 10 
V = 1rL~"eL3 
4Vo 
(46) 
Companson of Eqs (45) and (46) shows that the dynamIC con-
tact angle asymptotIcally remams constant over the duratIOn of 
the second stage of evaporatton ThIS constant value IS marked 
below as er. Introducmg em = 4Vo/1rL~, whIch IS the value 
of the dynamIC contact angle at the tIme mstant when the maXI-
mum value of the droplet base IS reached Then Eq (46) can be 
rewntten as 
e V 
-="") 
em L 
(47) 
and the latter relatIonshIp should be a umversal functIOn of 
the dlmenslOnless tIme, t The latter equatIOn shows that the 
IntegratIOn constant In Eq (45) IS C=er19m 
Let us estImate the constant f3 For thIS purpose, we solve 
equatIOns which descnbe the tIme evolutIon dunng the second 
stage and neglect completely the presence of the first stage That 
IS from Eqs (35) and (36) 
dV _ 
dt = -PL, 
dL [2 
dt = -P3V ' 
WIth the follOWIng condItIOns 
L(O) = I, 
L(l) = O. 
(48) 
(49) 
(50) 
(51) 
Note, the first condItIOn, Eq (50) IS defimtely not valId dunng 
the first stage of spreadmg. SolutIOn of the problem (48) and 
(49) WIth boundary condItIOn (51) IS gIven by 
L(I) = (2Pem)O\1 _ 'i)0s. 
3er 
(52) 
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The latter dependency comclde wIth the predIcted and exper-
Imentally confirmed earher [4-8] Usmg now the boundary 
condItIon (50) we conclude' 
39r fJ= - < 1.5 
29m 
(53) 
because ObvIOusly Or<Om The latter conclUSIOn IS 10 a good 
agreement wIth expenmental data (see below) 
3. Experimental 
3 1 Matmals 
Alkanes used In our expenments were n-heptane and I-octane 
purchased from Slgma-Aldnch, UK. Sohd substrates used were 
microscope glass slIdes, whIch were cleaned pnor each exper-
Iment accordmg to the followmg protocol (I) soalang WIth 
Isopropyl alcohol to remove orgamc contammants for 30 mm 
and nnsed wIth delOmsed water; (11) soakmg m chromIC aCId 
for removal of morgamc contammants for SO mm, (Ill) exten-
sIve nnsmg wIth dIstIlled and delOOIsed water, (Ill) drymg m a 
regulated oven The cleamng procedure was repeated after each 
expenment 
32 Methodology 
The time evolutIOn of the radIUS of a drop base, L(t), and 
the dynamic contact angle. O(t), were mOO1tored Simultane-
ously (see FIg. 4) The substrate was placed m a hermetlcally 
closed and msulated chamber, whIch allows stnct control of 
the chamber's enVIronment The chamber was also eqUIpped 
wIth a fan (lOOOrpm) An expenmental chamber used was 
earher descnbed m ref [I3] A lugh precIsIon 10 ILl HamIl-
ton synnge (HamIlton GB Ltd, UK) was used to mJect 3 ILl 
droplets of alkanes on the sohd substrate A mechamcal mamp-
ulator was structured to enable a gentle placement of the 
droplet on the substrate whIlst mlmmlsmg the kmetlc Impact 
Expenments were earned out at these COnditIOnS for both n-
heptane and ,-octane (I) at 25 DC wIthout fan sWItched on, (11) 
at 40 DC wIthout fan swItched on and (Ill) at 25 DC WIth fan 
sWitched on 
Fig 4 Schemanc diagram of expenmenta1 set-up 1. Glass shde, 2. enclosed 
chamber, 3, tested drop. 4, synnge, 5 and 6, CCD-cameras, 7 and 8,IlIununators, 
9, CPU umt, 10, power asSiSted fan 
~- .. ~-.-.~ 
, 
Fig 5 Schematic diagram of the expenmental set-up used In Uruverslty of 
Edinburgh t, Glass slide, 2, tested drop, 3, synnge, 4, computer controlled 
pump, 5, CCD camera, 6, IlIummator, 7, CPU Unit, 8, temperature controller 
The spreadlOg/evaporatlon process were captured at 60 
frames per second for the whole expenment duratIOn usmg two 
Video cameras, which captured Simultaneously Side Vlew and a 
view from above The Side view Video Images were analysed 
usmg "SclOnImage" software to measure the contact angle and 
heIght of the droplet, wlulst the top vIew Images were analysed 
usmg "Olympus I-Speed software" to measure the radllls of the 
droplet base. The expenment was repeated to produce at least 
five sets of data for each mdlvIdual conditIOn Hence, each exper-
Imental pomt plotted below IS an average of five expenmental 
pomts 
Additional expenments usmg IdentICal n-heptane and ,-
octane were camed out m School of Engmeenng and 
Electromcs, Umverslty of Edmburgh as a supplement to our 
data. In these expenments, a VIdeo camera With magOlfymg lens 
operatmg at 60 frames per second wae used to capture the spread-
109/evaporatIOn process from a SIde vIew (FIg 5) A computer 
operated pump enabled accurate volumes of droplet to be placed 
on to complete wettmg mIcroscope glass slIdes In addItion, the 
apparatus allows varymg the sohd substrate temperature Exper-
Iments was camed out With 3 5 J.LI of n-heptane and I-octane on 
glass shdes, whIch we vary the temperature for 25, 30 and 40 DC. 
Measurements of the radiUS was obtamed usmg a drop shape 
analYSIS software (FTA32) 
4. Results and discussions 
Our expenmental observations as well as presented m refs. 
[4-8] show that the whole spreadmg/evaporatlon process m the 
case of complete wettmg IS dIVIded mto two stages: (a) the fast 
!irst stage, when the drop spreads out until a maxImum radIUS of 
the drop base, Lm, IS reached, thIS first stage IS followed by 
a second slower stage (b) when the radllls of the drop base 
shnnks because of evaporation until It dIsappears completely 
at the moment Imax Accordmg to the descnbed above theo-
retICal reqUIrements the droplets must be of a sphencal shape 
throughout the spreadmg/evaporatlOn process and the duratIOn 
of the first stage of spreadmg, Im, IS much smaller compared 
to tmax As observed m our expenments, both these reqUIre-
ments are met Table 1 shows that values of tm are always less 
than 10% of those of tmax regardless ofthe expenmental condl-
nons used Note, accordlOg to our expenmental date the value 
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Table I 
Companson of Initial spreadmg. tm• and total time, fmu 
Matenals r(oq Fan speed (rpm) fm (s) fmu (s) im 
25 0 4 85 0047 
Heptane 40 0 3 35 0086 
25 1000 4 80 005 
25 0 3 73 0041 
Octane 40 0 2 29 0069 
25 1000 4 66 006 
of im (fable I) IS smaller as compared wIth hterature data (see 
below) 
4 1. Extractmg theorettcal parameters from expenmental 
data 
Expenmental values of the total duratIOn of the spread-
mg/evaporation process, tmaxl of the duratIon of the first stage of 
the process, tm• the maximum value of the spreadmg radIUS, Lm, 
and the contact angle, Om, were extracted dtrectly from expen-
mental data The volume was calculated by rearrangmg Eq (\8) 
to V(t) = (rr/4)L3(t)I1(t), where the contact angle was calculated 
accordmg to the low slope approxImation as Ott) = 2h(t)IL(t), 
where h(t) IS the heIght of the drop apex 
The parameter a m Eq (I) was calculated m the followmg 
way Eq (\) was mtegrated, whIch results m 
V = Vo - a lo' L(t)dt (54) 
Expenmental dependencIes of the volume of the droplet on tIme, 
V(t), were plotted agamst J~ L(t) eIt. In all cases, V(t) showed a 
hnear trend (FIg 6) Usmg these Imear dependencIes, the pro-
poltlonahty coeffiCIent a was fitted The same hnear dependency 
was found prevIOusly [4,9] The fitted values of a are presented 
m Table 2 After that all necessary parameters were known 
Note that the parameter a forexpenments conducted at 25°C 
IS slgmficantly lower as compared wIth that at 40°C (fable 2) 
The latter IS expected because the evaporauon rate IOcreases at 
hlgher temperatures However, the mtroduchon of a fan 10 our 
expenments does not appear to affect the evaporatIOn rate at all 
The use of a fan could 1Otroduce some convectlOn m the gas 
1. 
u 
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• , 
o_~ 
O~ J.5"C,r.IOOOqIa! 
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'0 
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• 
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o '0 1(1) 1<0 
Ldt ,mm S 
Fig 6 A companson of the trends 10 volume changes between the different sets 
of vanables used 
Table 2 
Fitted values of parameter a In Eq (54) 
Operating conditions Fitted a 
Heptane Octane 
25°C fan speed 0 0017 0018 
40°C fan speed 0 0078 0045 
25°C fan speed lOOOrpm 0016 0018 
In all cases V(t) dependency showed a linear trend for V vs f; L(t) dt 
10 
08 
'12 
11 ol-----~~---------~::_---::c::-----:''::' 
000 020 040 (I{)O 080 ton 
Redtu.ed Time 
Fig 7 A dlmenslOnless radiUS agamst dlmenslOnless bme curve for 
the behaViour of the droplet radIUS comparmg dlfTerent hqUlds spread· 
mg/evaporatmg on solid substrates extracted from hterature and theoretlcaJ 
prediction The sohd hne IS calculated accordmg to Eqs ("5) and (36) 
phase compared to a dIffuSIOn controlled condItion wIthout a 
fan [17] 
42 Comparzson of experzmental data and predIcted 
universal behaVIour 
The solId hnes In FIgS 7-9 represent theoretIcal umversal 
dependenCIes, whIch were calculated accordmg to Eqs (35) and 
2 *11qta T~lS'Cr&lO~ 
-'.HcpC:a T~lS'Cf1a 1000..-
.llqgl: TcrIfdIn~II'C' .. 01\lll 
,,~ T~n"chlO.,.. 
.O<ta ~1S"cf.l!lOOr,. 
'-'O<ta T .......... 4O'CF.O"" 
JQd.,o(1) 
• • 
.' . •••. .1 x --~~~-!~~.~:~.~~~!.~--~'--'~ 
o~----__ --~ __ --__ ----__ ----__ ~ 
00 02 o. o. 08 10 
Reduced Time 
FIg 8 A dlmenSlOniess contact angle, 9 = fJjOm. agamst dlmenslOnless time 
curve for the behaViour of the droplet radIUS companng theoretlcaJ. our exper-
Imental and hterature data The solid hne IS calculated accordmg to Eqs (35) 
and (36) 
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Fig 9 A dlmenslOnless volume agamst dlmenslonless bme curve for the 
behaviour of the droplet radius companng theoretical. our expenmental and 
literature data The solId hne IS calculated accordmg to Eqs (35) and (16) 
(36), With boundary condlllons (37) and (38) The four unknown 
parameters were selected accordmg to conditIOns (39)-(42) 
The selected parameters are f = 2 x 10-3, fJ= 1281 (which IS 
m a good agreement With the prevIous esllmatlOn (Eq (53», 
and the selected value of lm '" 0 261 In Eq (36) comcldes 
With the mru(lmum position of the theorellcal dependency L(f) 
(see Fig 7) The duratIOn of the first stage IS around 10-1 to 
10-2 s [13], and the duratIOn of the total spreadmg/evaporallon IS 
approximately 10-100 s, whICh esllmates f '" 10-3 This com-
pliments our seleclton of f = 2 x 10-3 for our case to match 
our expenmental, theoretical and lIterature data as best as pos-
sible. Expenmental data on spreadmg/evaporatlOn of different 
hqUlds extracted from hterature has been plotted m the same 
dimensIOn less form We managed to extract only dlmenslonless 
dependences L(f) from hterature [5,7,8] Therefore we provided 
our expenmental data on dependences of contact angle and 
volume on time to further challenge our proposed theoretical 
model 
Fig 7 shows our theoretical model plotted agamst data of 
different hqulds rangmg from water, alkane and sIltcon OIl 
from hterature [5,7,8] m the fonn of dlmenslOnless radiUS of 
droplet base, L, versus dlmenslOnless hme, 1. Fig 7 shows 
that under these dlmenslOnless vanables, the hqUlds' radIUS 
spreads qUIckly and reached a maximum value at 1 = lm after 
bemg placed on the substrate When the I01tlal spreadmg phase 
becomes almost neghglble, the radiUS of the drop then shnnks 
towards zero at 1 = I. This pomt m time, IS when the droplet has 
Just completely evaporated Companng our theoretical model 
usmg the set of mdependent vanables mentioned above, we find 
that our predictIOn fits the expenmental data very well 
We conducted expenments usmg alkanes under controlled 
ambIent conditIons where atmosphenc temperature were vaned. 
as wells as mtroductlOn of a fan mto the system, we find SimIlar 
umversal behaVIOur as predicted by our model In additIOn, a 
separate expenmental setup that allows us to mamtam constant 
atmosphenc condItIOn, but With different temperatures of the 
sohd substrate (25, 30 and 40 DC) These set of results too proVide 
slmtlar behaVIOur as observed m the prevIOUS expenments as 
well as m hterature [5,7,8] 
Fig 8 displays the data obtamed from our expenments forthe 
contact angle measurement The data IS also compared to that 
obtamed m refs [5,7,8] and to the predicted unIversal curve 
SimIlarly to the prevIOUS, the data are plotted as dlmenslOn-
less contact angle, ii = ejem, agamst 1 (FIg 8) Contact angle 
drops very qUIckly once It has been placed on the substrate The 
contact angle then slows ItS dechne and reached a steady state 
contact angle, ef Similarly to radIUS, the contact angle follows 
a umversal trend (Fig 8), which agrees well With the theorettcal 
predictIon as well as hterature data 
The theory above also predicted a dlmenslOnless umversal 
behaVIOur of volume on time dependency Our expenmental 
results are presented m Fig 9. Similarly to the prevIous two 
uruversal curves, both our expenmental data and literature data 
agree well With the theory predictIOns 
5. Conclusions 
Expenments were deSigned to allow mOO1tonng radiUS and 
contact angle of spreadmg/evaporatmg droplets m the case of 
complete wettmg Dunng the spreadmg/evaporatIng process, the 
droplet retamed a sphencal form. The whole process IS clearly 
dIVIded IOta two stages the fast first stage, when the process IS 
mostly detennmed by kmetlcs of spreadmg and a second slower 
stage when the process IS mostly detenmned by evaporatIOn 
The duratIOn of the first stage compared to the overall duratIOn 
ofthe process ttme taken by the droplet to evaporate was found 
to be conSiderably smaller We also confinned the change m the 
drop volume With respect to the ramus of the drop base to be a 
hnear relation (FIg 6) 
A theoretical model was developed to account for the 
spreadmg/evaporatlOn process, which produced unIversal 
theoretIcal curves for radIUS, contact angle, volume and spread-
109/evaporatIOn velOCItIes on time 
We compared expenmental results both extracted from htera-
ture and ours to that ofthe theorettcal predictIOns Expenmental 
data corresponds well With the predicted umversal behaViour 
regardless the dIfferent condlttons under which the expenments 
were conducted 
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Interest In wetting dynamics processes has Immensely Increased dUring the past 10-15 years In many 
industrial and medical applicatIOns, some strategies to control drop spreadmg on solid surfaces are bemg 
developed. One poSSibility IS that a surfactant. a surface-active polymer. a polyelectrolyte or their mixture are 
added to a liqUid (usually water) The mam Idea of the paper IS to give an overview on some dynamic wettmg 
and spreading phenomena In the presence of surfactants In the case of smooth or porous substrates. whICh 
can be either moderately or highly hydrophobic surfaces based on the literature data and the authors own 
investigatIOns Instability problems assoCiated with spreading over dry or pre-wetted hydrophilic surfaces as 
well as over thin aqueous layers are bnefly discussed Toward a better understandmg of the superspreadmg 
phenomenon, unusual wetting properties of tnslloxanes on hydrophobic surfaces are also discussed 
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1 Introduction 
Both wettmg and de-wetting play an Important role In many 
natural and technologIcal processes In many applications, surface 
wettabillty IS macroscopically descnbed by the equlhbnum or, more 
frequently, by a statIc advancmg contact angle thiS descnptlon IS 
mostly used to descnbe wettmg properties of hqUlds on smooth, 
chemIcally homogeneous surfaces and pure liqUids excluding adsorp-
tion and evaporation effects However. such kind of approach IS not 
sufficIent for descnptlon of a host of technological processes as the 
kinetIC aspects m the presence of surfactants should be conSidered In 
a number of applicatIons dynamiC wettIng and de-wettmg processes 
are of cruCIal Importance The spreadmg velOCIty IS often an Important 
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cntenon based on which the efficIency of surface-actIVe substances 
(surfactants) Can be estimated 
The dynamiC behaVIOur of a pure lIqUid on an Ideal solid surface 
can often be successfully described by the equlhbnum contact angle 
(or rather statIc advancmg/recedmg contact angles), the dynamIC 
(time-dependent) contact angle as well as the spreadmgveloclty Such 
approach 11.2J leads to the spreading force 'Y,,(cosBo-cos6(t)). where 
60 IS the static advancmgor recedmg contact angle Note. In the case of 
spreading 60 should be selected as static advanCing contact angle, 
While In the case of de-wettmg 60 should be selected as static recedmg 
contact angle Work IS necessary to expandmg the solId-lIqUId 
Interface. and energy diSSipates due to VISCOUS shear In the bqUld 
The molecular-kmetlc theory 131 assumes, however. particular 
dlsplacements due to the surface dIffUSion at the three-phase contact 
Ime as a pOSSible reason for the spreadmg force It completely neglects 
VISCOUS diSSIpation m the lIqUid and. hence. IS SUitable for descnbmg 
of very slow velOCitIes of spreadmg Its application to predict the 
K5 Lee et aL I Advances In CollOid and Interface SCIence J44 (2008) 54-65 55 
spreading veloaty IS rather problematic since the molecular para-
meters such as the densIty of the adsorption centres and the distance 
between them on real surfaces IS unknown and generally inaccessible 
to experiments 
In general. when a hqUld drop IS placed on a solid surface, either It 
spreads over the surface, I e It completely wets It (fig 1 a), or It forms a 
finite contact angle WIth the surface If the contact angle IS between 0 
and 90° the SItuation IS refereed to as pamal wetting (FIg lb) 
However, If the contact angle IS larger than 90°, the lIqUid does not wet 
the surface and the Situation IS refereed to as non-wettmg (Fig lc) A 
more detailed descnptlon of advanCing, recedIng. eqUlllbnum and 
hystereSIs contact angles as well as problems of experimental and 
theoretIcal venficatlOn of eqUlllbnum contact angles have been 
recently proVided [4,7[ 
A reductIon of water surface tensIOn by adsorptIOn of surfactant 
molecules on a water-vapour Interface and adsorption of surfactant 
molecules on sohd-liquld and sohd-vapour Interfaces alters a non-
wettmg behaVIOur of aqueous solutions on hydrophobiC substrates 
mto a partial or even complete wettmg behaVIOur Surfactants have 
been used for a long time and their mfluence on surface wettablhty IS 
well known and Widely used However. employmg surfactants to 
enhance spreadmg complicates the wettIng process through tlme-
dependent diffUSIOn and adsorptIOn processes at the Involved 
mterfaces The same processes are Important In the case of water 
penetratIon mto hydrophobIC porous media Aqueous surfactant 
solutions can spontaneously penetrate mto hydrophobiC porous 
substrates and the penetratIOn rate depends on both the surfactant 
type and Its concentration Both the hqUld-vapour mterfaclal tension 
'Ylv and the contact angle of mOVIng meniscus. 6;J. (advancmg contact 
angle) become concentration dependent 
The major process determmlng penetration of aqueous surfactant 
solutIOns mto hydrophobiC porous media or spreading over hydro-
phobiC substrates seems to be the adsorptIOn of surfactant molecules 
onto a bare hydrophobIC substrate In front of the mOVIng three-phase 
contact (TPC) line The latter process results m a partial hydrophlhsa-
tlon of the hydrophobiC surface In front of the meniscus or drop. which 
determmes a spontaneous Imblbltlon or spreadmg 
A pure water does not spontaneously penetrate Into hydrophobiC 
capillaries and shows the advanCing contact angle larger than 90° The 
a 
" 
:: : :::: ::~:J:: ::1 
b 
,.., ___ : _C..;; ;:::::::::_ I 
c 
Fig 1 DIfferent wetting sItuatIons Ca) complete wetting case a droplet completely 
spreads out and only dynamIC contact angle can be measured whIch tends to zero over 
tIme. (b) partial wetting case the contact angle IS m between 0 and 90-. non-wettmg 
case the contact angle IS larger than 90-
c": I 
Fig.:z. SchematIC of a droplet placed on a sohd surface. '}'. 'Y.I and '}'.., are hqUld-vapour. 
sohd-IIqUld and solid-vapour mterfaaal tension. respecnvely. at the three-phase 
contact line. R 15 the radIUS of the droplet base The droplet IS small enough and the 
gravIty actIon can be neglected 
latter means that water can be only forced Into the capillary usmg an 
apphed excess pressure or much easier by adding surface-actIVe 
agents let us conSider In more details a very beginning of the 
Imblbltlon process Into a hydrophobIC capillary, when a surfactant 
solution touches the capillary Inlet The advancmg contact angle at 
thiS moment IS larger than 90° and the liqUid can not penetrate Into 
the capillary Sohd-hqUld and hquld-vapour mterfaclal tensions do 
not vary With time on the mltlal stage, because the adsorption of 
surfactant molecules onto these surfaces IS a relatively fast process 
compared With the Imblbltlon rate Only solid-vapour tnterfaclal 
tenSIOn, 'YSVI can vary If the adsorptIon of surfactant molecules at the 
bare hydrophobiC surface m the VICinity of the TPC Ime takes place, the 
solid-vapour InterfaCIal tenSIOn mcreases WIth time After reaching 
some critical value. I;~ the advanCing contact angle reaches 90G and 
the spontaneous Imblbltlon process can start The latter conSideration 
shows that there IS a cntlcal bulk concentration. c .. below which fsv 
rematns below It'S Critical value r~J and the spontaneous ImblbItlon 
process does not take place 
The excess free energy et> of the droplet depOSIted on a solid 
substrate Fig 2 IS as follows 
<P-'YS+PV+rrR'('Y'I-'Yw), (1) 
where S IS the area of the hqUld-vapour Interface, P-P;J-P1 IS the 
excess pressure mSlde the liqUid. Pa and PI are the ambient air 
pressure and pressure inSIde the hqUld. respectively, R IS droplet base 
radiUS, 'Y. 'Ysl and 'Ysv are the liqUid-vapour. solid-liqUid and solid 
vapour interfaCial tensIOns, respectively. The last term In the nght 
hand site of Eq (1) gives the dIfference between the energy of the 
surface covered by the hqUld drop and the energy of the same solid 
surface Without the droplet. Eq (1) shows that the excess free energy 
decreases If(a) the lIqUid-vapour interfaCial tensIOn decreases. (b) the 
solid-lIqUid InterfaCial tension decreases: and (c) the sohd-vapour 
Interfaaal tension Increases The latter very Important conclUSIon IS 
often overlooked 
In the absence of surfactants. the drop forms a contact angle above 
90° With a hydrophobIC substrate In the presence of surfactants the 
followmg three transfer processes take place from the liqUid onto all 
three Interfaces' surfactant adsorptIOn at both (I) the Inner sohd-
liqUid Interface and (n) the liqUid-vapour mterface, and (Ill) transfer of 
surfactant molecules from the drop onto the solid-vapour Interface In 
front of the drop on the bare hydrophobiC substrate. As mentIoned 
above, all three processes lead to a decrease of the excess free energy 
of the system. However. adsorption processes (1) and (ll) result In a 
decrease of correspondmg mterfaaal tensIOns 'Ysl and 'Y, but the 
transfer of surfactant molecules onto the sohd-vapour Interface In 
front of the drop results In an Increase of a local free energy, however, 
the total free energy of the system decreases according to Eq (1) That 
IS. surfactant molecule transfer (m) goes via a relatively hIgh potential 
barrier and, hence. goes conSIderably slower than adsorption 
processes (I) and (n) Hence, processes (I) and (11) are "fast" processes 
compared With the "slow" third process (111) 
Despite the enormous techmcallmportance of spreading of aqueous 
surfactant solutIOns over solId surfaces. mformatlon on pOSSible 
spreading mechamsms IS stIli hmlted m the lIterature DlsJOInlng 
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pressure Isotherms In the presence of surfactants are well mvest:Jgated In 
the case of free hquld films [5]. much less IS known In the case ofhquld 
films on solid substrates [6} At the present. we are not able to proVldea 
clear defimte mecharusm of surfactant molecules transfer on a bare 
hydrophobic substrate In (mntor In a VICInity of the movmgTPC hne The 
reason IS that In the case of aqueous surfactant solutIons our knowledge 
of the transition zone between meniscus/droplet to thm films In front IS 
soli very limited 
It was shown In (71 that the well known Young's equation for the 
eqUlhbnum contact angle as an empmcal one and should be replaced 
by DelJagum-Frumkm equation The latter equation expresses the 
eqUlhbnum contact angle via measurable phYSICal properties, which 
are surface forces acting In the TPC hne VICInity However, m view of 
our hmlted knowledge regarding the surfactant behaviour In the 
VICinity of movmg TPC line we use below Young's equation for 
descnbmg spreading processes over hydrophobiC surfaces Our 
hypothesIs on surfactants adsorption at a bare hydrophobiC substrate 
In front of the movmg meniscus/droplet allows us to develop some 
theoretical predictIOns, whICh are In a reasonable agreement with 
known expenmental data m the literature. 
The SituatIOn IS even less investigated In the case of Simultaneous 
spreadmg and Imblbltion IOta porous substrate We present some 
theoretICal and expenmental investigations of the process, whICh 
should be considered as a first step ID thiS direction 
We also consider much better theorencally understood process of 
flow caused by the surface tensIOn gradient (Marangonl flow) It was 
shown earher that the flow caused by the surfactant pomt source on 
the surface of a thm aqueous film IS governed by the surface tension 
gradient only ThiS process recently became a powerful tool for 
investigation the phenomenon of superspreadmg 
2. Spreading over hydrophobic substrates 
In the followmg the results published In the area over the last two 
decades are summansed 
KeurentJes et al [8] mvestlgated the effect of surface hydropho-
blClty on surfactant adsorptIOn onto the mterfaces Surfactant 
adsorbed onto the hydrophobic surface exposes Its polar head groups 
to the solution, whereas In the case of a more polar surface, surfactant 
molecules bllayers may form rendermg the surface more hydrophlhc. 
These adsorption phenomena can be explamed m a seml-quantttatlve 
way by takmg the cooperative nature of surfactant adsorption mto 
account and makmg estimates of free energies for vanous conceivable 
mterfaces m the system 
Scales et al [91 shown that the contact angle and adsorptIOn denSity 
data may be combmed to prOVide useful Informatton to the adsorption 
mode at sohd surfaces of a senes of alkyl-aryl-polyoxyethylenes 
von Bahr et al 110J observed that wettmg at low surfactant 
concentrations proceeds In two stages - a short time regime where 
spreading occurs rapidly. and a long time regIme where spreading IS 
f ic"",_""" ........ ___ ~ __ ~ 
FIg. 3 Spreading mechamsm of aqueous surfactant solutions on hydrophobiC surfaces 
according to von Bahr et al 110) Dunng the initial spreading phase, surfactant 
molecules adsorb dt the expdndlng solid-liqUid Interface behind the moving hqUld 
Slmphstlcally we dbstdln here from the Illustration of adsorbed surfdctant Idyer at the 
solld-hqUld mterface From 116) 
11 · • 
· 
Fig. 4. Spreddlng mechdmsm of aqueous surfdctdnts solutions on hydrophobic surfaces 
dccordlngtoStarovetall12j From 1161 
slow Accordmg to [1 O}, the rate-lImltmg process m the drop spreadmg 
expenmentwas assumed to be the surfactant adsorptton from the bulk 
to the expandmg liqUid-vapour Interface Durmg the inItIal spreadmg 
phase, surfactant molecules adsorb at the expanding solid-lIqUid 
mterface behInd the moving hqUld. as shown m fig 3 
Dutschk et al [11} observed the wetting behaVIOur of dilute IOniC and 
non-Iomc aqueous surfactant solutions over highly and moderately 
hydrophobiC polymer surfaces They found that non-IOniC surfactants 
enhanced spreading over both type of surfaces. whereas IOniC 
surfactants do not spread over highly hydrophobiC surfaces They took 
evaporatton factor Into account and presented a theory to correct the 
contact angle measured Two spreadmg regimes observed a short time 
(fast spreadmg) regime and long Ome (slow spreadmg) one They argued 
In their case, the long ttme regIme goes much slower than predicted m 
(10], and concluded there exiSts a pOSSible explanatton where adsorption 
at the expandmg solld-hqUld mterface goes more slowly than diffUSIOn. 
Starov et aI [12) descnbed the spreading mechamsm of aqueous 
surfactant solunons over hydrophobiC surfaces as a slow transfer of 
surfactant molecules on the bare hydrophobiC surfaces In front of the 
movmg hquld on the TPC Ime (fig. 4) This mechanism was suggested 
earher In [13-15) In [12) the authors predicted the dynamiC droplet radiUS 
and contact angle for a system where surfactant solunons spread over 
hydrophobiC substrates In the theoretical treatment an assumpnon was 
made that the transfer of surfactant molecules onto bare hydrophobiC 
substrate In front IS the rate detennmmg step Accordmg to the model 
suggested In [12) the contact angle changes as follows 
cos 6( t}- cos 60+( cos 6.- cos 60} (1- exp( -tIT) }, (2) 
where 60 and 6 ... are the Initial and final contact angles, respectively, T 
IS a time scale of surfactant molecules transfer on a bare hydrophobIC 
R,mm 
1.10 
108 
106 
lMT=~--~~------r-------r---
01 10 100 t, S 
Fig S Base radius ofa wdterdrop(aqueousSDS solutlonc-O 05%,2 S±O 2pIvo!ume)as 
d function ofnme on PTFE. Error bOlTS correspond to the error hmlts of Video evdludtJon 
of Images (plxel SIze) From 1121 
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Fig. 6. FItted dependency of T on SOS surf.act.ant concentr.atlOn mSlde the drop 
(spre.admg over PTFE) Error b.ars correspond to the expenment.al pomts sc.attenng In 
different runs. squa.res .are aveldge v.alues From 112) 
substrate m front of the movlngTPC hne The latter equatIOn coupled 
with the conservation of the drop volume results In an equaoon for 
the radIus of the drop base [12[ 
The theorencal predlcoon corresponds well to the expenmental 
data (Fig S). and a Justification was presented for the assumption 
concermng the transfer mechanism of surfactant molecules (Fig I) It 
was assumed that transfer of surfactant molecules onto the hydro~ 
phobic solid Interface takes place only from the lIqUid-vapour 
Interface as shown m fig 4 Expenmental data presented In Fig. 6 
support thiS assumption, although they do not prove It deCisively The 
surface coverage of the liqUid-vapour mterface of the drop IS an 
increasing function of the bulk surfactant concentration Inside the 
drop The maximum surface coverage IS reached close to the cntlcal 
micelle concentration ((MC) Hence, accordmg to thiS mechamsm at 
low surfactant concentrations inside the drop, the charactenstlc time 
scale of the surfactant molecules transfer. T, decreases with Increased 
concentration, while above the (MC T should level off and reach Its 
lowest value Both of these effects are expenmentally confirmed In 
[12) (see FIg 6) 
The presence of surfactant molecules Increases the solid-vapour 
mterfaclal tensIOn and hydrophllIze the initially hydrophobic solid 
substrate In front of the spreadmg drop ThiS process causes the 
spreading The absence of adsorbed water molecules m front of the 
drop plays Its part In maJang the spreading a very slow process The 
analYSIS of time dependenCies ofthe drop base radIUS 116J reveals that 
the slow wettmg dynamiCs observed for both lomc and non-Iomc 
surfactants on hydrophobic surfaces can be explamed neither by 
surfactant diffUSion from the bulk of the drop to the expandmg llquld-
vapour Interface nor In terms of VISCOUS spreadmg. Two pOSSible 
mechamsms were suggested [161 (a) a slow rearrangement of 
surfactant molecules adsorbed at the solId-hqUld mterface, which 
occurs Inside the drop. pOSSible caused by the bl-layer formation due 
to low monomer solubility WhiCh, m turn, may be affected by low 
surroundmg humidity leadmg to water evaporation from the drop, 
(b) the transfer of surfactant molecules onto the bare hydrophobic 
surfaces which IS a relatIvely slow but a spontaneous process 112] The 
charactenstlc time scale of the surfactant molecules transfer onto the 
hydrophobic surface decreases With mcreaslng surfactant concentra-
tion for all surfactant/polymer systems studied as predicted In 1121 
Expenmental data In [11.16.17J mdlcate that the latter mechamsm IS 
valid for both highly and moderately hydrophobic surfaces Moreover. 
It was found that the characterIstic time scale for transfer of mdlvldual 
ethoxylated alcohol surfactants CmEOs estimated for hydrophobic 
polypropylene surface Increases WIth mcreaslng the hydrocarbon 
cham length. probably mdlcatmg stenc limitatIons With mcreaslng 
molecular size As concluded m [16]. based on expenmental data the 
charactenstIc time scale T of surfactant molecules transfer. which can 
be conSidered as a spreadmg charactenstlc. senSibly responds to 
changes of both the surfactant nature (IonIC. non-IonIC) and surface 
free energy 
Enksson et al [18J momtored the interfacial adsorption and 
mterfaclal tension to further understand how wettmg IS mfluenced by 
surfactant transfer to the TPC Ime and prOVided further support to 
claims that surfactant transfer to the TPC hne IS dominant Frank et al 
119] observed that changes m the spreadmg behaVIOur are due to the 
adsorptIOn of a surfactant ahead of the contact line 
(han et al 120J developed a mathematical model for surfactant 
enhanced spreadmg They suggested two additIonal mechamsms that 
mfluence the spreadmg rate the development of POSitive surface 
curvature near the movmg contact hne. which produces a favourable 
radial pressure gradient wlthm the drop. and the surfactant convec~ 
tlon In a vlcmlty of the movmg contact hne 
3. Spontaneous rise and imblblbon of surfactant solutions Into 
hydrophobic caplllanes 
In the case of the partial wettmg when an advanced contact angle 
takes on values 0 < e ... <rr 12 the penetration of a liqUid mto a honzontal 
or vertical (at short times) capillary IS descnbed by the followmg 
equatIon 121 J 
z(t)- (RY~~S9. t)"'. (3) 
where the subscnpt a indicates the advancmg contact angle. z(t) IS the 
length of part of the capJiI.ry filled WIth the hqUld. R IS the capIllary 
radIUS. Y IS the liqUid-vapour mterfaclal tenSIOn, 1] IS the dynamiC 
liqUid VISCOSity, t IS time 
In the case of a vertical capillary. the law of hquld penetration 
correspondmg to the long time lImit, when a lIqUid nses to a 
stationary level z.-2y cose ... 1 pgR where gravity balances the capillary 
force, IS given by equatlon 122] 
(4) 
where P IS the liqUid denSity and g IS the graVity acceleration 
When the advancmg contact angle 8 ... >rr/2. pure water does not 
penetrate spontaneously Into the hydrophobic capIilanes In thIS case the 
hqUlds can be forced Into the capIllanes by applymg external fields such 
as a pressure force. electrowettmg [23) or thermocapJilary forces )24). 
However. as It was found In 113-15.251 aqueous surfactant solutions 
penetrate spontaneously Into hydrophobIC capIllanes. It was shown that 
adsorption of the surfactant molecules onto the capillary walls ahead of 
a movmg memscus makes pOSSible the penetratIon of surfactant 
solutIOns mto the hydrophobic capIllanes It IS assumed that surfactant 
molecules adsorptIOn onto the solid-liqUid and liqUid-vapour Interfaces 
proceeds much faster compared with the charactenstIc time scale of 
penetratIon The latter means that the mterfaclal tensions YsI and Y near 
memscus do not change conSiderably over time because adsorption 
processes are suffiCiently fast Indeed. the expenments on the 
spontaneous capillary Imblbltlon of Syntarrude-S aqueous solutiOns 
mto honzontal hydrophobIc capJilanes [13,15] (FIg 7) have shown that 
charactensttc time scales of the ImblbltIon and nse are bemg around 
100 sand 105 s, respectively, while a time scale estJmatlon of diffuSion 
kmetlcs 10 the capillary cross-seroon IS only around fil/D-Ol s 
(R-10)lffi and D_1O-5 cm'ls) [25.26) 
Adsorption of surfactant molecules on the solid-vapour mterface 
leads to an Increase of ItS mterfaclal tension With time and 
58 K5. Lee et all Advances In Collold and Interface SCIence 144 (2008) 54-65 
10 
9 
8 
7 
6 
5 
4 
3 
2 
o 
.e,mm 
2 
2 
: • • 
3 
.e,cm 
5 
5 
4 
4 
3 
3 
2 
= 1 
t 112 • 1/2 
, mm 
Fig 7 Time evolution of the Imb.hltlOn length' (mm) with time, t (mm) for aqueous 
solutlons ofSyntamlde-S In a hOrizontal hydrophoblzed quartz capillary with R-16 J.Im 
(1) co.O 05%, (2) co·Ol%, (3) (0.04%, (4) co-05% (5) Co-Ill: From (I'; 7) 
consequently to a decrease of the advancmg contact angle, which 
becomes 6a <11 /2 at some cntlcaI adsorptIon of surfactants correspond~ 
109 to a cnnca1 bulk concentratIon, c. 113-15.25J The spontaneous 
Imblbltlon mto the hydrophobic capillary commences when the 
concentratIon of surfactant In solutIOn Co IS above c .. that IS at co>c .. A 
theoretlcal analysIs of a spontaneous Imblbltion of surfactant soiutJons 
mto hydrophobic capdlanes. takJng mto account the convectIVe transfer. 
the surface diffUSion of surfactant molecules and the adsorption of 
molecules on a hydrophobiC surface was reported m [14-15,26J. 
The mechamsms of spontaneous Imblblnon IS assumed to be 
controlled by surfactant concentration Cm close to the moving 
meniSCUS, which IS below Co Hence, the expression Y cos6~ In Eq (3) 
should depend on the concentration Cm It was shown In [13-15.25.261 
that the dependency q::(cm)-y cos6~ can be approximated as 
~(Cm)-a(Cm-C,), (5) 
where the coefficient er was calculated In {25} Accordmg to Eq (5), 
q::(cm) should be a linear functIOn of concentration at Cm>C'" which IS 
In agreement with experimental results {14.1S] In the caSe of the 
surfactant concentration Co IS below the CMC. the ImblbltlOn rate 
according to Eqs (3) and (5) can be represented as follows 125.26J 
Z(I)_(R"(~~-C') t) 1/2 (6) 
The surfactant concentration Cm near the mOVIng meniSCUS remains 
constant In time (cm-const) and ItS value depends on the diffuSion 
coeffiCIent and adsorption charactenstlcs of surfactant molecules 
If the surfactant concentration Co IS above the CMC, the adsorption 
of surfactant molecules on the solId-vapour Interface In front of the 
moving meniSCUS leads to a diSintegration of micelles decreaSIng the 
surfactant concentration Cm from cm-co>CMC to cm<CMC. At the 
moment when the cm-CMC the ImblbltlOn rate abruptly changed. 
which was caused by a separatIOn of the micelle front from memscus 
The latter resulted m a correspondmg decreasmg of Cm and as a 
consequence In a slower kmetlcs of ImblbInon Into the hydrophobiC 
capillary After that moment the concentration cm no longer changed 
and remamed below the CMC, the second slower stage of the process 
started The micelle front moves accordlOg to the same power law as 
In Eq (3), but rather slower then the memscus As appears from the 
above analYSIS, the ImblbItlon process at concentrations co>CMC 
should be characterized by two stages Indeed, the expenments on the 
penetration of aqueous solutions of Syntamlde-S {13,tS) mto the 
hydrophobIC capillaries clearly shown an eXistence of the two kInetiC 
stages The second stage IS substantially slower than the first stage 
because only IndiVidual surfactant molecules move with the mems-
cus Note, durIng the slower second stage, the spontaneous Imblbltlon 
rate IS only slightly higher than that In the case when the 
concentration of surfactant Co IS below the CMC. 
Unlike the case of the spontaneous ImblbltIon of surfactant 
solutions mto a flat hydrophobic capillary, where the concentratIOn 
of surfactant Cm near the meniscus IS constant. the spontaneous flse 
mto a vertical hydrophobiC capdlary IS controlled by a different 
mechanism, because the concentration Cm can not remam constant. 
Spontaneous capillary nse expenments wIth Syntamlde-S solutions In 
a vertical hydrophoblzed quartz capIllary I13J showed that the time 
evolution of the nse satisfies Eq (3) at the mltlal stage of the process 
However. the slopes dependenCies z(vr)corresponds to the 6~ values 
bemg only a few seconds less than rr/2 At such 6. values. the capillary 
nse would be expected to stop when the liqUid reached a level of 
ZmilX-10 -3 cm However, It does not stop at thiS level and goes up to a 
height of 3-4 cm The explanatIOn of thiS effect IS that the meOlscus 
flses followlOg the surface diffUSIOn front of surfactant molecules, 
which hydrophllise the walls of capillary m front of the moving 
memscus [15,25] It was shown that the position of the solutIOn 
meniscus should be deSCribed by equation 
2" Z(I)--h(Cm-c,), pg (7) 
which IS vahd only If cm(t) IOcreases with time and. hence, the 
concentration of surfactant cm(t) near the meniscus 10 the case of 
spontaneous capillary rise IOta a hydrophobiC capillary does not 
remam constant The maximum level of the capillary me Zmal( IS 
reached after the concentration Cm becomes equal to the concentra-
tion at the capillary IOlet Co Then, the rise stops at the maximum 
height determmed as follows 
2" Zmax--h(co-c.) pg (8) 
The latter means that the expenmental data presented m [15] 
correspond mostly to the mltial stage ofthe capillary rise. z(t)«zmax. 
as shown In Fig 8. The latter figure shows that the experimental data 
deViate from the straight hne 10 accordance with theoretical 
considerations presented an [25] These theoretical conSiderations 
were also confirmed 10 [27] where the spontaneous nse of CloEs and 
i,mm 
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Fig. 8 Spontaneous capillary nse 10 a vertical hydrophoblsed quartz capillary 
{R-ll J.lI1l). Syntamld-S surfamnt solution (41-01%) Time evolution or the Imblblnon 
length From [7J 
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(14Es aqueous solutJons Into hydrophobic cyhndncal capdlanes was 
reported Dunng the Initial stage of the process positIOn of the mOVing 
menISCUS, z(t), descnbed by z(r)-Vi as In 125] At the final stage, the 
memscus moves towards the equlllbnum level as predicted ID [25] It 
was also observed In r27} that for the same concentratIOn (tOEs 
solutions nse faster than C14Es solutIOns The velocity of the capillary 
nse was also considered ID [28] 
4, C.ptllary imblbItion into partially wetted porous medIUm 
Starov et al [29] investigated the capillary Imblblnon of surfactant 
solutIOns IOto dry porous substrates m the case of partial wetting The 
cyhndncal caplllanes were used as a model of porous media to study 
the problem theoretically Nitrocellulose membranes partially wetted 
by water were used to study the same process expenmentally For all 
concentrations, It was shown that the penetratIOn rate obeys to Lucas-
Wash burn law However, It was found that there IS a cntlcal capillary 
radIUs determined by adsorption of surfactant molecules onto the 
Inner capillary surface 
2 Ra R Co 
> CMC2 (9) 
where Ra-;~~, D IS the diffusion coefficient of surfactant, 11 IS the 
hqUld VISCOSity, r .. IS the maximum surface coverage. fPlmx""Y(CMC) 
cos9, (CMC) 
If R<Rcp then the permeablhty of porous medIUm IS not mfluenced 
by the presence of surfactants In the feed solution. whatever the value 
of the concentration IS In thiS case all surfactant molecules are 
adsorbed on the capIllary wall and nothing IS left for the advanCing 
memscus Note. the adsorption strength In a porous medIUm IS 
proportional to the surface per Unit volume. which IS Inversely 
proportIOnal to the capillary radIUs In the case of a cyhndncal 
capillary On the other hand, the Imblbltlon rate IS lower In thlDner 
capIllanes due to higher fnctlon This gives more time for diffusIOn to 
bnng new surfactant molecules to cover the fresh part of capillary 
walls However. If the capillary radIUS IS below the cntlcal value, 
R<Ra. then adsorpnon proceeds faster than Imblblnon and consumes 
all surfactant molecules from the solution Thus, for thin capillarIes (or 
fine porous media) the Imblbltlon rate of surfactant solutions IS 
Independent of the surfactant concentranon In the feed solutJon and 
takes a value equal to that In the case of pure water 
When the mean pore size IS larger than the cntlcaI value. that IS 
R> RCI' then the permeablhty Increases With Increasmg surfactant 
concentration The theoretical conclUSions are In agreement with 
expenmental results presented In Fig 9. where k IS the permeablhty of 
porous membranes. and Pc IS an effective capillary pressure inSide the 
porous membrane 
Hodgson and Berg PO] studied Imblbltlon ofvanous pure liqUids 
and surfactant solutions over Wide range In concentrations In partially 
wetted stnps of paper cut from cellulose filters For all liqUids, It was 
shown. that the penetratIOn rate obeys to Lucas-Washburn law It was 
found that the penetratIOn rate 10 the case of partial wetting depends 
on the adheSIOn tensIOn. which IS represented as a difference Ysv-Ysl' 
Differences m Imblbltlon of surfactant solutions was explamed by 
differences to their adsorption and diffUSive abilities 
5. Spreadmg of surfactant soluttons over thin aqueous layers: 
influence of solUbility and micelles disintegrataon 
Thin hqUld films can be found m many engmeenng, geology. and 
bIOphYSICS environment Their applications are slgmficant 10 many 
coatmg processes 131-32] and physIOlogIcal applicatIOns 133] 
Presence of non-umform temperature or surface-active compounds 
along the surface of thlO hqUld films leads to formation of shear 
stresses, also known as Marangom gradients at the hquld-vapour 
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Fig. 9 Experimental values of kpc versus concentration of a SDS solution for 
mtrocellulose membranes With different meCln pore sizes (mset) kpc remains constClnt 
In the case of membranes With bothO 221W (straight Ime 1 land 0 45 J,Un(stralght Ime 2) 
mean pore Size. whlle It mcreases WIth the Increase m surfactant concentration for the 
membrane With mean pore SIZe 3 J.Un (Ime 3) From 129] 
lOterface These gradIents cause mass transfer on and m the liqUid 
layer due to surface tenSion non-umfomuty Marangom stresses 
dlstnbute the hqUld from areas of low surface tensIOn to areas of high 
surface tension (flow generation) and m dOing so also deform the 
mterface resulting In vanatlOns of the film thickness (deformation and 
even possIble mstabdlty ofhqUld films) In thiS section. we restrict our 
dISCUSSion of the Influence of surfactants on thIn liqUid films 
An understandmg of Marangom IOduced flows IS Important as It can 
be benefiCial or detnmental In many applications Surfactants are 
normally present 10 a healthy mammalian lung to reduce surface tension 
forces Surfactants keep the lungs compliant and prevent collapse of the 
small airways dunng exhalanon. However. most prematurely born babies 
do not produce adequate amount of those surfactants The latter leads to 
respiratory distress syndrome. TIlls condition IS treated by surfactant 
replacement therapy where surfactants are Introduced Into the lungs. 
These surfactants spread 10 the large to medIUm pulmonary airways In 
small airways surface teoslon gradients dommate and Marangom flow 
distributes the surfactant to the dlstal regIOns of the lung [34.35] 
In coating processes pamt films are dned by solvent evaporation 
The non-umformlty of the evaporation leads to Marangom stresses 
which cause deformabon of the film and, hence, formation of defects 
on the paint surface 136} Another example IS a drying of films of latex 
suspensIOns (stabilised by surfactants) The drying process results In 
the surfactant non-uOIformltles (surfactant Islands) that leave 
permanent indentations 10 the film [37] 
The Marangonl effect IS used for drylng slhcon wafers after a wet 
processing step dunngthe manufactunngofmtegrated arnllts An alcohol 
vapour IS blown through a movIng nozzle over the wet wafer surface and 
the subsequent Marangonl effect causes the liqUid on the wafer to pull 
Itself off the surface effect:J.vely leavlOg a dry wafer surface 138} 
Spreadmg of surfactant solutions on thm hqUld films was reViewed 
by Afsar-SlddlqUl et .11 [391 a few years ago It IS the reason why below 
we summanze the progress made over the recent years only 
A moving circular wave front forms after a small droplet of aqueous 
surfactant solution IS deposited on a thm aqueous layer as Jllustrated m 
Fig 10 It was shown earher [41] that thiS process has a very remarkable 
feature all forces but Marangom forces can be safely neglected 
The tIme evolution of the moving front radIUS was momtored [401. 
where an expenmental methodology was deSigned to mvesttgate the 
mfluence of Marangonl force on spreadmg of surfactant solutIOns over 
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Fig. 10. (a) A small droplet of aqueous surfactOllnt solution is deposited on a top of thin 
aqueous layer of thickness ha: (b) dry spot format ion in the cenl~: cross-section of the 
system: R(r) Is r.ullu5 of a circula r moving fronl , rir) Is radius of dry spolln the centre, 
h is the height oflhe moving fron£; (cl the same as in the previous case (b) without dry 
spot formation in the centre. From 1401. 
thin aqueous layers. Surfactants with dirrerent solubility at concen-
trations above the (MC were used. In all cases [401 two stages of the 
rront motion were observed: the first fast stage. wh ich followed by a 
slower second stage. Both the first and the second stages of spreading 
considerably depend on the solubili ty of surfactants: the higher 
solubility the slower both stages. If the solubility is high enough then 
during the second stage the front reaches some final pOSition and does 
not move any further. The lower so lubility the higher the exponent in 
the spreading law R(t) - consf.t" du ring the first stage and fo r low 
soluble surfactams it reaches n- 0.75. Moreover. it was shown that 
formation of a dry spot in the centre is determined by the speed of the 
first stage: the higher this speed the lower probability to have a dry 
spot formatio n. Hence. the dry spot forms in the case of soluble 
surfactants and does not form in the case of insoluble surfactants. 
The observations in [401 differed rrom the earlie r theoretical 
approach 141 J. thus the innuence of surfactants solubility and 
disintegration of micelles were incorporated to improve on the 
previous theoretical model. According to the theoretical predictions in 
[40[. Iow soluble surfactant produced both faster 1st and 2nd stage. 
Low soluble surfactant (Tween* 20) produced during the first stage a 
power law exponent 0.73±0.01. being closest to the maximum 
attainable spread ing rate 0.75 predicted theoretically [40J. For high ly 
so luble surfacta nt DTAB. the solubility was most significant during the 
second stage. where the spreading front reached some final position 
and does not move any further in the agreement with the theoretical 
predictions [40]. 
6. Instabilities in the course of spreading 
Instability at the contact line of surfactan t solutions drops. 
spreading on dry or pre-wetted hydrophilic surfaces. leads to the 
fingering patterns formation at the edge of drops. Finge ring at the 
contact line of drops of su rfactan t solutions spread ing on solid 
substrates was firstly observed by Marmur et al. [42 [. After that it was 
studied theoretically. experimentally as well as using numerical 
simulations [39.43-63J. lt was assumed. that a water film pre-existing 
on the substTate was essenrial for the growth of the instability. In 
[43.54.551 investigations of spreading of non-ionic surfactants solu-
tions in ethylene glycol or d iethylene glycol on oxid ised s il icon wafers 
were carried out The use of polar solvents d ifferen t from water 
allowed the authors to discriminate between the role of a pre-existing 
adsorbed wate r film. which is known to be always present on a 
hyd roph ilic substrate in contact with the atmosphere. and the role ofa 
possi bly thicker fil m built up by the same liqu id as the drop. 
Troian et a l. 1501 proposed that the Marangoni effect is responsible 
for the instability at the edge of the spreading surfactant drop. The 
Marangoni now at the imerface and the bulk liquid is induced by 
gradients of surfactan t concentration along the air-water interface. In 
their experiments [SDI. a 2 ~J d rop of aqueous AOT (sodium bis-(2-
ethyl-hexyl) sulfosuccinate) solution placed on a hyd rophilic surface 
covered with a thin water film. spreads by immediately forming 
fingers advanci ng from the contact line. The authors found that the 
drops of aqueous AOT solutions with concentration below the CMC 
{0.03 mM) and higher the CMC (10 mM) sp read by uniform circularly 
edge. Surface tension difference between the AOT solution and pure 
water at low surfactant concentrations is not high enough and the 
surface tension gradient is insufficient to initiate the instability. 
Trans port of excess su rfacta nt from the bulk [0 the surface of the 
spreading drop at high AOT concentrations may suppress the 
fo rmation of surface tension gradients and Marangoni flow. The 
maximum spreading rate of a 1 mM AOT solu tion drop reached up to 
1 cm/so It was found that the velocity and shape of fingers at 
intermediate AOT concentrations depend on the thickness of the 
underlying 11lm and the surfactant concentration. On a thin (0.1 ~m) 
'water fil m fingers are na rrow. sharply tipped and more branched. than 
those on a thick (1 ~m) film. as shown in Fig. 11. The length of fingers 
during spreading depends on time as CO'. where a - 0.G6 and 0.7 for the 
thin and thick fi lms. correspondingly. 
Frank and Garoff [5 11 determined that the formation of finge ri ng 
patterns depends not only on the surfactant concentration grad ients. 
but on .1 mechanism of su rfac tan ts-su rface interactions. The same 
surfactant can exhibit fingering or stick-jump spreading behaviour on 
the same charged or opposite charged substrates. correspondingly. 
The spreading behaviour of aqueous anionic SDS (sodium dodecyl 
sulphate) and cationic crAB (cetyllrimeLhy lammonium bromide) 
surfactant solutions on a clean and dry oxidized silicone wafer and a 
polished sapphire disk were examined. The SDS solution spreads with 
the fingering formation on the silicone wafer. while on the sapphi re 
subsrrare it exhibits an autophobing spread ing. The spreading 
behaviour of crAB so lution on these substrates is just opposite to 
the behaviour of SOS so lutions. Moreove r. the authors [51[ have 
shown also that on substrates. which had been pre·wetted with a 
surfactant solution monolayer. the fingering spreading was not 
observed. Furthermore. using the optica l reflectivity measu rements 
a precursor film ahead of the spread ing front was detected on the 
Fig. 11. PhOlographs of spreading drop at 0.5 s after ilS deposition: (a) fingering on i1 thin 
.water layer: (b) fingering on a thick water layer 1501. 
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initially dry substrates. Thus, the thin film exists on the surface that 
were not coated with water initially. and this film serves for 
mobilization surfactants and generation of the surfactant concentra-
tion gradient. 
The role of the precursor films on the substrates and viscosity of 
solvents on the formation of the hydrodynamic instabilities at the 
contact line of the spreading drops has been intensively investigated 
by Cazabar and co-workers 143.54,55.56.571. Cachile and Cazabat 
154.551 studied the innuence of ambient relative humidity (RH) and 
the surfactant concentration on the fingering spreading of aqueous 
non-ionic ClzE4 and CIZE lO surfactant solutions in echylene and 
diethylene glycol on hydrophilic silicon wafers. Substrates used were 
oxidized silicon wafers cleaned with ultraviolet illumination in the 
presence of an oxygen noVy'. The experiments were carrying out in a 
humidity controlled cell. Ellipsometric measurements showed that 
the thickness of the adsorbed water film on silicone wafers does not 
exceed 5 A at the high humidity RH - 85%. The results were 
summarized in "phase diagram" as a function of the normalized 
surfactant concentration defined as the ratio of the bulk concentration 
to the CMC. and the relative humidity. RH (Fig. 12). 
In the stable region, at the RH.s 30%, there was the capillary regime 
of spreading. The drop spread out as a uniform circle in the whole 
concentration range investigated 154.551. The area. S(c). covered by 
solution during the spreading increased in time as rD·z• With increasing 
RH (an unstable region) the spreading process accelerated and the 
fingering instabilities developed. At the c>CMC, surfactant adsorption 
at the solid-liquid interface creates a hydrophobic barrier. which 
increases with surfactant concentration. As a result the lateral 
extension of fingers was limited. The total area S(t) covered with 
solution grows linearly with time. when RH is less than 60%. but at the 
RH >85% the area increases faster. 
The authors 154.551 assumed that surfactant molecules mobility on 
the substrate induces the instabi li ty along the drop edge. However. the 
adsorbed water film is too thin to provide the motion of su rfactant 
along the substrate. That means the mobility of surfactant controlled 
by the precursor wetting film ahead of the fingers that goes from the 
drop under the high humidity. Although the film was not observed 
directly. indirect evidence of the existing of this film was provided. 
Dashed lines of non-wettable inkstopped the unbounded spreading of 
precursor wetting film. As a resu lt the film was thickened in a gap 
between the drop and the lines. The fingering spreading developed 
only on that side (Fig. 13). 
Subsequent experiments 1431 were performed to study the role of 
precursor wetting film thickness in amplification of the fingering 
spreading. Thin films of solution of ethylene glycol in methanol were 
pre-deposited on cleaned silicon wafers. The following surfactam was 
chosen: (IZE10 at the fixed CMC (0.02 mol/I ) concentration. The 
humidity was kept around 60%. The thickness of the pre-deposited 
films were varied from 30 to 250 nm. Under those conditions the 
advancing line of the surfactant precursor on the pre-deposited film 
was clearly visible. It allowed revealing that instabilities appear 
behind the contact line of the solvent film. When the thickness ofpre-
deposited film was increased. the branching of fingers and the 
thickness of their tips decreased. The spreading dynamiC namely: the 
finger radius Rr from the centre of drop to their tips and the length of 
surfactant leading film Ro were found to scale as cl /2, but the radius of 
the drop. Rc. developed in time as rr. where a was found in the range 
from DJ to 0.45 with increaSing the th ickness of pre-depositcd film. 
In 1571 the innuence of surfactant concentration at the fixed 
thickness of solvent pre-deposited film on finger formation was 
studied. At the concentration below the CMC the thick and wide in 
base fingers were observed. The profile of spreading drop was smooth 
and no boundary between drop and fingers was observed. For the 
concentration near the CMC fingers became more straight. At the 
larger concentration fingers disappeared and a hollow part appeared 
at the tip of fingers. 
In 158.591 the authors investigated the unstable spreading of 
aqueous solutions of sparingly and high ly soluble anionic surfactants 
in a wide range of surfactant concentration through water films 
ranging from 25 ~m [0 100 ~m in thickness. 
In the case of a sparingly soluble surfactant 1581 a 6 ~l drop of AOT 
solution was deposited on the water layer. It was found that the 
spreading has a stable or a fingering behaviour. At the surfactant 
concentrations lower than 0.4 ·CMC, the spreading process was stable 
for the whole range of thickness investigated and no fingers were 
observed. During the uniform spreading. the profile of the drop had Cl. 
disk-like parr in the centre with a thickened rim at the advancing edge. 
For the concentrations in the vicinity of CMC up to 2·CMC the 
spreading edge of AOT drops was uniform for the several seconds 
(from 3 to 10 s) that defined by the concentration and the film 
thickness. then round-tipped and straight fingers appeared behind the 
thickened rim. The fingers became wider when the concentration 
decreased and the thickness of water layer increased. The typical 
sp reading rate was found about 0.5 cm/c. and it increased with the 
water film thickening due to a decreaSing of viscous friction. On 25 pm 
and 50 ~m thick films at the concentration 4 ·CMC. the spreading was 
stable and uniform with a distinct surfactant covered disk of liquid in 
the centre of the drop. The latter agrees with the results ofTroian et al. 
1501. However. on the 100 ~m thick film. the fingering spreading 
behaviour occurred again. Using dimension less analysis (Peelet 
numbers) it was shown that Marangoni forces exceed substantially 
all other forces. The latter showed the dominate role of Marangoni 
forces in the fingering spreading. 
In 1591 the role of the surfactant solubility on the fingering 
instability was cons idered. In this case, aqueous solutions of a soluble 
FIg. 13. The faster spreading of CIlE..-di-erhylenglycol drop (1 ) on the side of the non-
wertable Ink line (2) 154J. 
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surfactant (SOS) were used Their spreadmg behavIOur shows many 
similarities with some notable differences to the ADT solution (581 
The spreadmg rates were of the same order of magmtude for SOS as 
for ADT However. In the case of SDS the rate did not vary with the 
water film thickness Authors related thiS fact to fast surfactant 
desorptlOn and relatively significant mfluence of gravity force for the 
high film thickness The fingers occurred at the SOS concentratIOn of 
04 CMC, that was two times lower than In the ADT case (08 CMC), 
and almost ten times earher The shape of fingers was more 
pronounced and branched In the result of SOS drop depositIOn. At 
the CMC and the hIgh film thICkness, the flngenng was observed for 
both surfactants. 
Nlkolov et al [60J reported the flngenng instabIlItIes dunng the 
spreadmg of drop of aqueous tnstloxane solution (Sllwet L-77) on a 
hydrophobIc plate their experIments were slIghtly different from the 
above reViewed expenments A distIlled water drop was placed on a 
hydrophobic bottom of polystyrene Petri dish The water-air mterface 
was covered With hollow glass beads for visualization of the time 
evolution of the advanced front of drops AS J .. tI droplet of a 0 2 wt % 
aqueous tnsdoxane solutIOn was placed on the top of the water drop 
The drop started to spread Immediately at a high rate In one second at 
the advanced front fingers were generated and become more 
pronounced m the course of spreadmg 
Stoebe et al 152J observed the small flngers appeared at the edges 
of droplets of aqueous tnslloxane solutions spreading on the surfaces 
of vanous surface energies The length of fingers was found to be less 
than 10% of the dynamiC droplet radIUs. that served as a reason to 
Ignore the fingenng m the analYSIS of their expenment 
Poulard et a!. 161] addressed the problem of nemanc lIqUid crystals 
SCB (cyanoblphenyl) spreadmg over hydrophilic silicon wafers The 
complex mterfaaal InstabIlIty m a VICInity of the moving contact hne 
of liqUid crystal drops was detected This Instability Included two 
different types of InstabilIties The appearance. development and 
disappearance of the instabilities was modulated by changIng the RH 
of the environment It was suggested that the small mstabdltIes are 
the result of the combmed effect of elasticity, anchormg defects. and 
flow, while the secondary InstablhtIes are dnven by the flow 
OaOlels et al 162,63] examined spreading dynamiCS of surfactant 
Tnton X-30S and PDMS drops on a vlscoelastlc gel agar. which was 
vaned from lIqUId-like to solId-lIke state by changmg the concentra-
tIon of agar The spreadIng behavIour In thiS system differed from the 
typical surfactant spreadmg on solid substrates and can be descnbed 
as "an arm-lIke" An Increase of the length of arms. R(t), was descnbed 
by the power law R(t) cc r3/4• When a droplet was depOSited on the gel 
surface With shear modulus less than 30 Pa, the drop broke mto 
dlstmct crack-like spreading arms In a starburst formation On the 
substrate With shear modulus around 30 Pat the drop spread 
uOlformly InItially. but after a suffiCiently long time the droplet 
demonstrated the WISpy morphology Above 30 Pa, the drops had 
circular forms as on a pre-wetted solId substrate It was found that the 
onset of Instabilities and the number of arms (fingers) depend on the 
ratio of the surface tension gradient to the gel strength 
TrOJan et al (461 theoretically investigated the mechamsm 
responSible for the mstabllity dunng the spreadmg of surfactant 
laden drop Their phYSical model represents a hemlsphencal liqUid 
drop covered With msoluble surfactant spreadmg on a thm layer of the 
same lIqUid 
Considerable efforts were Invested In the mvestlgatlon of mstabIl-
ItIes In the course of spreading, and the progress was achIeved In the 
understanding of the nature of mstabIlltles 
7. Spreading of surfactant solutions over porous substrates 
Spreading and penetration of hqulds over/mto porous media IS a 
fundamental process With a numerous applications In pnntmg. 
pamtmg. adheSives. od recovery, Imblbltlon Into SOils. health care, 
and home care products (7.64-68J In Ink-Jet printing. the resolutIOn IS 
directly assOCiated to the degree of lIqUid extensIOn and spreadmg on 
the pnntmg medium after deposition 1671 The spreadIng of a drop on 
a thin permeable medIUm proceeds as fonows (a) spreading on the 
medIUm surface and (b) penetration mto the underlYIng medIUm 
Knowledge of the spreadmg rate and the area covered IS cntlcal as a 
drop-to drop contact would results 10 unwanted and detnmental 
effects 10 pnntmg From other hand. fast penetratIOn of the lIqUid 
would limit the time the drop spent on the surface. thereby decreasmg 
coalescence of drops However. penetration of liqUid IOta porous 
medIUm IS usually slow due to poor wettabllity by the liqUId of the 
porous medIUm Surfactants from thiS POInt of view may play a cruCial 
role 
Surfactants role In Oil recovery processes IS espeCially Important It 
IS highly deSIrable to extract od trapped In the pores of rocks The 
mJectlon of surfactants reduces the interfaCial tension between the od 
and water phases. allOWIng the extractmg of trapped Oil m small pores 
168) The Importance of thiS knowledge leads to on-gomg research on 
the wetting kmetlcs of porous media Influenced by surfactants 
Recent publications revealed a growmg Interest In explonng the 
Simultaneous spreading and ImblbItlon processes of aqueous surfac-
tant solutions However. these studies have so far mostly been 
restncted to pure liqUids Simultaneously spreading and Imblbltmg 
Into the porous substrate 169-80J C1arke et al [81J developed a 
theoretical model for Simultaneous spreadmg and Imblbltlon by 
Incorporatmg the molecular-kmetlc theory of spreadmg (711 coupled 
With a modified Lucas-Washbum equation 
Starov et al developed a theoretIcal model [70.821 for the complete 
wettmg case for a drop spreadmg over a pre-wetted or a dry porous 
layer The lubncatlOn theory apprOXimation was used. neglectmg 
gravity mfluence. so that only capillary forces were taken mto account 
10 the model They developed a system of two differential equatIOns to 
descnbe the evolutIOn of the radIUS of both the drop base. L(t), and 
wetted reglon.l(t). InSide the porous layer The latter allowed them to 
deduce an equation descrIbmg the dynamiC contact angle The authors 
performed expenments m order to test the theoretical model Silicon 
Oils were the liqUid used and nItrocellulose membranes With different 
pore sIze were used as porous layers By comparmg the theoretIcal 
model and expenmental data on appropnate dlmenslOnless scales. a 
umversal behaViour was observed where expenmental data was m 
good agreement With theoretical prediction 
Zhdanov et al (83J Incorporated the prevIous theoretical model to 
SImulate spreadmg of surfactant solutions over porous layers They 
produced expenmental data for the spreadmg of different concentra-
tions of aqueous SOS soluoons over nItrocellulose membranes of 
different pore sizes. varying drop volume and properties of porous 
layers The dynamiC contact angle. radIUS of the spreadlOgdroplet and 
the wetted penmeter were momtored for the spreadIng/penetration 
process The entire process was diVided Into 3 stages (Fig 14) Ounng 
the first stage, the drop base spreads until It reaches the maximum 
POSition whilst contact angle decreases rapidly The drop base then 
remamS constant dunng the second stage as the contact angle 
decreases linearly With tIme And finally. the third stage where the 
drop base shnnks whIle the contact angle remaInS constant untIl the 
drop completely disappears Ourmg all three stages. the wetted region 
contmued to expand until the final equllibnum value. It was observed 
that the total duration of spreadmg. the maximum radiUS of the drop 
base. and final radIUS of the wetted region conSiderably depend on the 
drop volume, SOS concentration. averaged pore sIze and porosity of 
the membranes used It IS showed that It IS more convenient to 
.analyse the expenmental data usmg the same dlmenslOnless values as 
m the case of spreading of pure lIqUids over dry porous substrates The 
overall spreadmg time decreases With Increasmg SOS concentration 
Spreadmg of drops of different volumes (over an Identical porous 
membrane) and the contact angle showed a universal behaVIOur 
(FIg 14) uSing dlmenslOnless plots Zhdanov et al 183J deduced an 
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FIg. 14 Spreadmg of droplets of 0 1%5D5 solutton over NItrocellulose membrane, average 
pore sIze IS 3 0 f.lffi L/i.max IS dlmenslonless radiUS of the drop base IfllTWlls radiUS of the 
wetted area, B/Bm IS dynamiC contact angle, t/tlTWl dlmenslOnless time From IS3) 
equation that predicts the hnear dependency of the contact angle 
dunng the second stage of spreadmg/lmblbltlon process The contact 
angle hysteresIs (difference between static advancmg and statJc 
recedmg contact angles) was plotted extracted to show that thiS 
difference becomes smaller with mcreasmg SOS concentration 
Independent experiments were performed to conclude the constancy 
of the contact angle dunng the thud stage It was concluded that the 
constancy of the contact angle dunng the final stage IS determined by 
the hydrodynamic flow only 
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FIg. 1S Porous Oltrocellulose substrates Apparent contact angle hystereSIs vanatlon 
wlthSDS concentratIon, NItrocellulose membranes of different average pore SIZes Open 
symbols correspond to the advanCing contact angle Ba The same filled symbols 
correspond to the hydrodynamIc recedmg contact angle Bm From [831 
USIng expenmental data on drop spreadmg of aqueous SOS 
solutIOns over dry porous substrates the values of advanCIng. 8a. and 
hydrodynamic recedIng, 8rh• contact angles were extracted as a 
functJon of SOS concentration ([831. see an example 10 flg 15) The 
term "hydrodynamic recedmg contact angle" and the symbolBrh was 
used to dIstIngUIsh It from the StatiC recedmg contact angle The 
advancmg contact angle was defined at the end of the first stage when 
the drop stopped to spread (the radIUS of the drop base reached ItS 
maximum value) The hydrodynamic recedIng contact angle Brh was 
defined at the moment when the drop base started to shrink. In Fig 15 
expenmental data on the apparent contact angle hystereSIs are 
summanzed ThIs figure shows that the advancmg contact angle Ba 
decreases With SOS concentration, the hydrodynamic recedmg 
contact angle 8rh on the contrary slIghtly mcreases With SOS 
concentration The difference between advancmg and recedmg 
contact angles becomes smaller WIth mcreasmg SOS concentration. 
the dlmenslOnless tIme Interval when the drop base does not move 
also decreases With the Increase of the SOS concentratIOn 
It IS necessary to note that the behaVIour of drops of aqueous SOS 
solutIOns dunng the third stage of spreadIng (partIal wettmg) IS 
remarkably Similar to the behaVIOur dunng the second stage of 
spreadmg m the case of complete wettmg sectIon (70,82] StatIc 
advancmg and statJc recedmg contact angles on smooth non-porous 
mtrocellulose substrate for different SOS concentratIons were also 
measured to compare With those on porous substrate 183 J The statIC 
advancmg contact angle of pure water on non-porous mtrocellulose 
substrate was found equal approximately to 70° The statIC advanCIng 
contact angle decreases With the mcrease of SOS concentratJon (fig 16) 
This trend contmues untIl the CMC IS reached At concentratJons above 
the CMC advancmg contact angle remams constant and approximately 
equals to 35°, Non-zero value of the statJc recedIng contact angle was 
found only m the case of pure water droplets In all other cases (even at 
the smallest SDS concentranons used 0 025%) the stanc recedmg contact 
angle was found equal to zero In the all concentratIon range used from 
o 025% (ten tImes smaller than (MC) to l%(five nmes hIgher than (MC) 
A companson between figs 15 and 16 shows that 
• The advancmg contact angle dependence for porous mtrocellulose 
substrates on SOS concentratlon IS slgmficantly different from the 
static advancmg contact angle dependence for non-porous mtro-
cellulose substrates The latter means that In the case of porous 
substrates the mfluence of both the hydrodynamic flow caused by 
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Fig. 16 Non-porous nitrocellulose substrate Advancing and recedmg contact angles 
vanatlon With SOS concentratton, open symbols correspond to the statIc advanong 
contact angle Ba, filled symbols correspond to the statiC recedmg contact angle B .. From 
1831 
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imbibition into the porous subsrrate and adsorption of 5urfactants 
inside pores significantly change the advancing contact angle: 
• The hydrodynamic receding contact angle in the case of porous 
substrates has nothing to do with the hysteresis of the contact angle 
and determined complete by the hydrodynamic flow in the way 
similar to the complete wetting case. 
Daniel et a!. 1841 developed a model to predict the simultaneous 
spreading and penetration of surfactant solutions based on energy 
considerations of the system. A comparison with pal showed the 
energy based model is functionallyequivaJent. The derived energy based 
model was tested aga insrexperimenta l data on spreading of commercia l 
surfactants over a variety of papers relevant to thermal ink-jet printing. 
It is necessary to emphasise that in spite of enormous industrial 
imporrance the kinetics of spreading/imbibi tion of surfactant solu-
tions into porous media is still far less investigated than it deserves. 
8. Superspreading 
Si licone surfactants (particu larly trisiloxanes) have been subjected 
to substantial interest since early 90 s. Trisi loxane surfactants are 
commonly denoted as M(O'En)M, where M stands for the trimethylsi-
loxy group. (CH,h-SiO' /2-' the term O' stands fo r the -O' /2Si(CH,)( R) 
0 1/ 2-, where R is a polyoxyethylene group attached to the silicon, and 
En stands for polyoxyethylene, - (CH1-CH20)nR-. For SimpliCity, 
trisiloxane with n polyoxyethylene group will be referred to as T", 
TrisiJoxanes were found to possess an unusual ability to induce highly 
efficient wetting properties of hydrophobic surfaces under appro-
priate conditions and, hence, the term "superspreading" became 
associated with trisi loxanes. 
Unusual wetting properties of trisiloxanes were discussed in [85.861. 
The overall spread area achievable by an aqueous droplet containing 
trisi loxane surfactant can be as much as SO ti mes greater than of pure 
water, and 25 times more effective than conventional surfacrams (60J. 
Commercially available trisiloxane surfactant. Si1we~ l-77Th1 (l-77), are 
polydispersed with an average of7.5 ethoxylate groups, has been widely 
used since discovered in the late eighties (87\. Fig. 17 il lustrates this point 
by comparing the relative spreading properties of water with 0.25% 
Triton X-lOO (polyoxythylene (10)-ocrylphenyl ether) and with aqueous 
solution of 0.1% S-77 surfactant on a velvetleaf (Abutilion theophrasti). 
Water alone on velvetleaf makes a contact angle bigger than 90·. aqueous 
Triton X- lOO solution gives a larger spreading area. However. l-77 
provides a significant increase in the spreading area and decrease in 
contact angle making it an effective wetting agent This was supported 
by [85.881 concluding that T8 has one of the best wetting properties. 
The superspreading phenomenon attracted much atremion both 
from the theoretical point of view and because of the practica l use of 
Fig. 17. Photograph IGOI depicting the spr~adingof(a) a wal~rdrop and a drop 0(0.25% 
Triron X· l00 solution: (b) 0.1% l-77 solution on a velvetlear surface. 
the phenomenon. However. there is no general agreement about the 
mechanism of the effect and on the necessary conditions for its 
rea lization. 
The wetting behaviour of the trisiloxane surfactant solution is 
usually anributed to its ability to adsorb at the liquid-vapour and 
hydrophobic solid-liquid interfaces at the movingTPC line and to reduce 
considerably the tensions of these interfaces. creating a positive 
spreading coefficient The rapid spreading can be due to maintaining a 
positive spreading coefficient at the perimeter as the drop spreads. 
However, the liquid-vapour and solid- liquid interfaces at the perimeter 
are depleted of su rfactant by interfacia l expansion as the drop spreads. 
The spreading coefficient can remain positive if the rate of surfactant 
'adsorption onto the solid and fluid surfaces from the spreading aqueous 
film at the perimeter exceeds the diluting effect due to the area 
expansion. This becomes even more difficult if we take into account that 
the reservoir of surfactant in the droplet is continually depleted by 
adsorption to the expa nding interfaces. If the adsorption cannot keep 
pace with the area expansion at the perimeter, and the surface 
concentrations become reduced at the contact line. a negative spreading 
coefficient can develop, which retards the drop movement Unfortu-
nately. the latter explanation can be equally applied to any aqueous 
surfactant solution and unfortunately is not specific fo r trisiloxanes. 
Aqueous drops with dissolved trisiloxane at sufficiently high bulk 
concentration, usually several times their critical aggregation con-
centration (CAC) 187.89- 911. when placed on hydrophobic surfaces. 
rapidly spread out and completely wet the substrate with no 
measurable final contact angle. It was reported in [91.921 that a 
critical wetting concentration (CWC) exists for trisiloxane solutions at 
spreading over solid and liquid substrates. Ruckenstein 1931 assumed 
that formation of surfactant mulri layer adsorption is a possible reason 
for fastspreading to occur. In (94J the argument on the occurrence of a 
transition at the ONC from partial wetting to complete spreading 
were presented, Three regimes of the spreading dynamicS were 
.observed in 1941: early stages where wetting diameter is proportional 
to t" with n in the ra nge 0.12-0.22: during the second stage the 
exponent increases to 0.38-0.58: during the last stage of spreading the 
surface roughness and local tension gradients lead to asymmetric drop 
shape and formation of fingers and dendri tes. 
Marangoni mechanism can contribute ro the rapid spreading: the 
surface concentrations at the drop apex remains higher as compared 
to the perimeter so that the drop can be pulled out by the higher 
tension at the perimeter than at the drop apex. To maintain a high 
apex concentration. surfactant adsorption must exceed the rate of 
interfacial dilation at the apex due to the outward flow. Nikolov et al. 
.(601 and Chengara et .11.195) investigated t he innuence of Marangoni 
mechanism on superspreading. They provided evidence that surface 
tension gradient is an important driving force in superspreading. They 
found maxima in spreading rates versus concentrations. 
Ananthapadmanabhan et .11. 188) postulated that the ra pid 
spreading is a result of a peculiar character of the trisiJoxane moiety, 
its wide hydrophobic group. However, it was later shown that 
molecular geometry probably is not a critical pa rameter (96.971. 
Solution turbidity, i.e. the presence of disperse phase. was found to 
be an important parameter. This follows from experiments with the 
aqueous solutions of trisi loxane surfactant. T8. performed by Zhu et .11. 
(87\. These authors suggested that superspreading occurs only when 
dispersed pa rticles (vesicles) are present. They also showed that the 
rate of droplet spreading over Parafilm, increases with concentration 
and reaches a maximum. The authors also noticed that sonicated 
solutions spread faster. Addition of formamide reduces the amount of 
dispersed phase and results in a decrease of the ra te of spreading and 
the spreading area. Stoebe et .11. (971 observed that aqueous trisiloxane 
surfactant solutions effective ly wet substrates with slightly higher 
surface energy than those previously investigated. 
Formation of ves icle type aggregates is a requirement for 
trisiloxane induced superspreading (85,971. It was concluded 196.98] 
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that In the range of 001-0 25wt%. tnslloxane solutIOns contam 
vesicles These vesicles and/or other aggregates disintegrate to 
effiCiently transfer surfactant molecules to the contact surfaces and 
enhance spreadmg 1971 
However. Nlkolov et al [60J showed that although the aggregates 
are present In the soluoon. It does not play so Important part m 
Inltlatmg the Marangom effect. which IS a cause of superspreadlng 
accordmg to their opinion 
A number of hypothesIs for the explanatIOn of the superspreadmg 
phenomenon were put forward mcludlng configuration of the 
tnsdoxane molecules at the mterfaces [88,96,971. or the formatIOn 
of a precursor film on a sohd surface 197J Zhu et al 187J noted the 
Influence of the water-vapour pressure In the surroundmg atmo-
sphere on the superspreadmg Superspreadmg of Ts solutions was 
observed only In the presence of saturated or supersaturated water 
vapour This has given rise to the suggestIOn that fast spreadmg may 
be caused by surface flow of a thm precursor film formed from the 
vapour phase Churaev et al 199 J found chmbmg of thICk films (around 
4 j.U1l) of tnslloxane surfactant solutIOns over hydrophobic surfaces 
agamst the gravity action They suggested that the superspreadmg IS 
caused by formation of those extremely thick wettmg films of the 
solution EXistence and stabilIty of such micron thick films may be 
explamed by the action of repulsive forces between dispersed 
particles (veSicles). that IS. extremely long ranged surface forces 
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Keywords 
Surfactant solutIOns 
Mar.:mgom effect 
A small droplet of aqueous surfactant solution at concentration below CMC was deposited on a thin water 
layer A movmg CIrcular wave m the centre was formed The time evolution of the radIUS of the wave 
was momtored Two surfactants of different solubility were used It was shown that the time evolutIOn 
of the movmg front (I) proceeds In two stages a fast first stage and slower second stage. (11) the time 
evolution of the front motion substantially depends on the surfactant soiubll1ty We suggest a quahtatlve 
explanation of the phenomenon, whICh reasonably agrees with our expenmental observations 
1. Introduction 
Spreadmg behaViour In the presence of surface tension gradl~ 
ents frequently shows mstablhtles (1.2) fingenng instability of the 
liqUId films dnven by temperature gradients 11), stlck-sltp phenom-
ena when a liquid contammg surface-actIve molecules advances on 
a hydrophilic solid results m an mstabllIty of the movmg front [2) 
The presence of Instabilities IS an mterestmg phenomenon m Its 
own nghts However. on the current stage It IS dIfficult to extract 
Information on properties of surfactants from experimental data 
on mstabllItles Hence. It IS Important to select a method. which 
allows Investlgatmg the dynamiC properties of surfactant solutions 
on the hqUld-alr mterface without Instabilities occurnng 
It has been shown earlIer (3.4) that investIgation of the motion 
of a front after depOSItion of a small droplet of aqueous surfactant 
solutIon on a thin aqueous layer allows Investlgatmg separately the 
mfluence of Marangom phenomenon on the hydrodynamiC flow In 
thiS case the capillary and gravitational forces can be neglected (3) 
The suggested method results In a stable motion of the wettmg 
front The latter allows extracting properties of surfactants on a 
liqUid-air mterface as deSCribed In (3.4] The same method was 
used for an investigation of properties of trlstloxane solutIOns [5] 
let us conSider a schematiC of the expenmental procedure 
(Fig 1) a small droplet of an aqueous surfactant solution IS de-
pOSited on the top of the mltlally Uniform thm aqueous film (thick-
ness ho) as In Fig la The latter results In a formatIOn of a depres-
sion m the centre of the film and a movmg front forms (Fig lb) 
When a droplet of a surfactant solution IS deposited on a clean 
liqUid-air mterface tangential stress develops on the lIqUid surface 
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The latter IS caused by the non-UnIform dlstnbutlon of the surfac~ 
tant concentration. r. over a part of the lIqUid surface covered by 
the surfactant molecules The latter leads to surface stresses and a 
flow (Marangom effect) (6( 
""(r,h) dyor ~----az=drTr. (1) 
where 1] and u are the dynamiC shear VISCOSity of the lIqUid and 
tangential velOCity on the lIqUid surface h. respectively. (r, z) are 
radial and vertical coordmates. y(r) IS the dependency of the 
liquid-air mterfaclal tenSIOn on surface excess concentration of the 
surfactant The surface tensIOn gradient-driven flow mduced by the 
Marangom effect moves surfactant molecules along the surface and 
a dramatic spreading process takes place The liqUid-air mterface 
deViates from an Initially flat position to accommodate the nor-
mal stress occurnng In the course of the motion This process IS 
referred below to as a spreading process 
The conSideration In 13) was restricted to the case of "Insoluble" 
surfactants. that IS. those solubility can be neglected over dura-
tion of the process (referred to below as "Insoluble surfactants") 
The current state of art In the area was presented m 13] with the 
proper references therem Surface diffusIOn was neglected m 13] as 
compared to convective transfer The latter assumptIOn was proven 
to be valid (3.4) 
Surfactants of different solubility at concentrations above CMC 
[4) were used to investigate the mfluence of surfactant solublhty 
on the spreadmg process It was shown that the time evolution of 
the movmg front proceeds m two stages a rapid first stage as~ 
soclated with dlsmtegratlOn of micelles. which IS followed by a 
slower second stage. when all micelles were already dlsmtegrated. 
The time evolutIOn of the movmg front substantIally depended on 
the surfactant solubility An exact solution for the evolution of the 
movmg front was deduced for the case of Insoluble surfactants at 
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Fig t (a) A small droplet of aqueous surfactant solution IS depoSited on a top of thm aqueous layer of thickness ho. (b) cross section of the system R(t)-radJUs of a circular 
mOVIng front. r(r)-radJUs of dry spot In the centre. H-the height of the movmg front 
r(Co)' L(t) 
water layer ~ 
surfactant droplet 
Fig 2. The first stage Small aqueous surfactant solullon droplet depOSited on the surface of pure water film Concentration of surfactant inSide the small droplet IS Co RadIUS 
orthe droplet base IS l.(t) 
I concentration above (MC A quahtatlve theory was developed to 
account for the Influence of the solubility on the front motion 
Expenmental observatIOns 14] are 10 a good agreement With the 
theory predictions 
The duration of that stage IS fixed by the Initial amount of ml· 
celles In the depOSited droplet The fast stage IS followed by the 
second slower stage when the surfactant concentratIOn decreases 
m the film centre but the total mass of surfactant remams con-
stant over the whole film m the case of Insoluble surfactants and 
decreases over time m the case of soluble surfactants In both cases 
a solution prOVides a power law dependency predtctmg the POSI-
tion of the movmg front, R(t). as time proceeds [4] 
2. Theory 
In our expenments below a droplet of surfactant solution With 
concentration below CMC was placed In the centre of a th10 aque-
ous film (Fig 1) which the mlttal concentration of surfactant Co < 
(MC Our expenmental observatIons showed that as m the case 
of concentration above CMC two dlstmct stages of spreadmg take 
place (I) a first fast stage, and (11) a second slower stage This IS 
similar to the case of the concentration above CMC [4] However, 
the phYSical reason behmd those stages IS substantially different 
from the case of high concentrations above (MC. 
Dunng the first stage the depOSited droplet serves as a reservOir 
of the surfactant molecules. hence. surface concentration of smgle 
molecules IS kept constant dunng that stage In the centre That 
IS, the followmg boundary conditIon are satisfied dunng the first 
stage of the movmg droplet contact Ime. L(t) (FIg 2) 
r(t, 0) = req(co). (2) 
where req(co) IS the eqUlhbnum adsorption Isotherm and Co IS 
the Initial concentration inSide the droplet The followmg assump· 
tions have been adopted In the boundary condltton (2) (I) there 
IS an eqUilibrium on the edge of the surfactant droplet, L(t). and 
the edge of the liquId film (FIg 2), (11) the radIUS of the small IIq· 
uld droplet, L(t), IS much smaller than the radIUS of the movmg 
front, R(t), that IS L(t) « R(t), (Ill) the dISsolution of surfactant 
molecules from the small droplet mto the underlymg pure water 
can be neglected dUring the first stage. 
Assumption (I) IS precisely the same, which was adopted ear-
lier {3,4] It IS not In contradiction With our prevIOus and current 
expenmental data However. thiS can be Violated m the case of 
surfactants. which undergo a reonentatlon on the liquid-air 10-
terface Assumption (11) allows uSing the boundary condition (2) 
at the centre of the liquid film The spreadmg of hqUld droplets 
on the surface of the film of the same hqUld {7] obeys the same 
power law as the spreadmg over dry sohd substrate m the case 
of the complete wetting (whICh IS obVIOusly the case under con-
sideratIOn) and proceeds accordmg to the followmg power law 
dependency, L(t) = A to 1. where r IS the droplet base radIUS and 
the constant A was calculated In PI It Will be shown below that 
R(t) ::::: B to s durmg the first stage, where B IS a constant That IS, 
the development of the spreadmg front. R(t). proceeds much faster 
than the spreadmg of the small droplet The latter was confirmed 
by our dIrect experimental observatIOns Note, the surfactants so· 
lutlon from the droplet, penetrates mto the underlymg water film 
and, hence, dL/dt = vsp - Vsh. where v~ IS the velOCIty of spread. 
Ing. WhICh IS equal to vsp = 01 A t 9 accordmg to the prevI-
ous and Vsh IS the veloCity of shnnkage, cased by the penetratIOn 
of the droplet directly mto the underlYing water film The latter 
rate IS proportIOnal to the area of the droplet base, v sh = C 1f L 2• 
where C IS a constant Hence, the dependency of the radIUS of the 
droplet base on time can be deSCribed by the followmg differential 
equatIOn dL/dt = 0 1 A t-O 9 - C:lf L 2 Solution of the latter equa· 
tlon shows that the droplet radiUS goes via a maximum value and 
disappears With a charactenstlc tIme scale. tl ~ l/(1fLoC). where 
La IS the 100tlal value of the droplet base. Assumption (Ill) can be 
Justified uSing the conSideration presented In (3] It means that 
the characteristIc time scale of diSSolution of surfactant molecules 
should be substantially bigger than the time of spreadmg and diS-
appearance of the small droplet. Our experImental data with two 
surfactants of different solubility confirm the vahdIty of thiS as-
sumption for those two surfactants 
The slower stage was observed when the concentration In the 
small droplet was below CMC and fast first stage was not de-
tected by the regular camera used In [31 Below we used a high 
speed Video camera, which allowed us to detect the presence of 
the fast first stage even m the case of surfactant concentratIOn be-
low CMC Past tl, a second slower stage starts Dunng the second 
stage the total mass of surfactant remains constant In the case of 
non-soluble surfactants and decreases In the case of soluble sur· 
factants 
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We can follow consideration presented m [3) to deduce the fol-
lowmg power laws for the first stage. 
R(I)=A,los• 1<1, 
and 
R(I) = A, 1°25. I> It. 
(3) 
(4) 
dUring the second slower stage, where At and A2 are constants, 
whICh can be deduced uSing consideratIOn similar to that pre-
sented In [3.4) Note. the two power law equations (3) and (4) 
were deduced for the case of Insoluble surfactants and we try to 
modify those two laws for the case of soluble surfactants 
21 First stage of spreading 
In [4) a very sImple seml-emplflcal denvatlon of the depen-
dency of the movlOg front on tIme was suggested Those denva-
tlOns were based on the boundary conditions on the movmg front 
The concentration gradIent on the movmg front can be estJ-
mated as 
ar(R) _ r(O)-r(R) 
ar R 
reO) I;,q(co) 
--R-=--R- (5) 
where the boundary conditIon on the movmg front was used [3.4) 
r(R) = 0 (6) 
Note, the latter boundary condition IS not "the real boundary con-
ditIOn" but an effectIve condition for the lOner solution that IS we 
Ignore the eXistence of a narrow regIOn where the concentration 
changes very rapidly (see [3,4) for details) 
The next boundary conditIOn should be satisfied on the movmg 
front [3,41 
, 8r(R) 
R(I) = 2/10Y (0) ----ar (7) 
The latter condition determmes the front motion SubStitution of 
the estImatIOn (5) mto the boundary conditIOn (7) results m 
r. r. 
R(I) - -2hoy'(0) ; = 2holy'(0)1 Rm 
or 
RR(I) - 2hOly'(0)lrm 
Solution of the latter differential equation with ImtJal condition 
R(O) = 0 results In 
R(I) - 2(hOly'(0)lrml)0 s (8) 
The latter power law cOIncIdes with Eq (3), which was deduced for 
Insoluble surfactants Hence, accordIng to the sImphfied denv3tJon 
used the deduced power law equation (8) does not depend on the 
solublhty of the surfactant molecules. The latter conclUSIOn was 
satisfied m our expenments (see below) 
22 Second stage of spreadmg 
It was shown m [4) that the mfluence of solublilty of surfactant 
molecules results m the followmg dependency of the total amount 
of the surfactant molecules on the film surface 
(9) 
where Qo IS the initial amount of surfactants at the begmnmg of 
the second stage and l/a IS a charactenstlc time scale of surfac-
tant molecules diSSolution 
Equanon (9) shows that (I) the total amount of surfactants on 
the film surface decays over time exponentlally and (11) the spread-
mg process finally stops because all surfactant molecules dissolve 
Into the bulk of the film 
Table 1 
Properties and concentrations of surfactants used and experimentally obtamed 
spreadmg exponents 
Matenals CMC C/CMC Spreadmg exponertt 
(mmol/I) 1st stagefduratlon 2nd stage 
SDS 83 [3[ 01 048±002/0 15 s 021±OOt 
DTAB 151 [81 0' 048±OOl/02s 003±OOI 
Now the concentration gradient on the movmg front can be es-
timated sImtlar to the prevIous qualitative consIderation as [41 
Substitution of the latter expression mto boundary conditIon (7) 
gives 
Qoe-UC Qoe-at 
R(I) - -2hOy'(0)--3- = 2hOly'(0)1--3-
1fR 1fR 
SolutIOn of the latter differential equation With the boundary con-
dition R(tl) = Rt, IS 
( 
Q 025 
R(I) - 8hOly'(0)1 ",; (I - e-a(t-t,») + R1) (10) 
The latter equatIOn shows that: (I) at slow dlssolunon rate, that 
IS, at t - tl «lja we recover the power law (4) In the case of 
Insoluble surfactants. (11) at t - tl »l/a the radIUS of spreadtng 
tends to a limiting value, Reo: 
( 
Q 025 
R",- 8hOIY'(0)1",; +R1) . (11 ) 
that IS the spreadmg front gradually tends to the hmltmg POSI-
tIOn Reo and stops after thiS pOSition IS reached 
The conclUSion IS as follows: the dissolutIOn of surfactant 
molecules results m a slower motion of the front as compared 
With the predIctIOn (4) for Insoluble surfactants and It results In a 
full stop of the motion In the end of the process 
3. Expenmental 
31 Matenals 
Surfactants used tn the expenments were analytical grade 
sodIum dodecyl sulphate (SDS) purchased from Fisher SCientific 
UK, 99% pure dodecyltnmethylammomum bromide (DTAB) from 
Slgma-Aldnch, UK. The CMC and molecular weights of surfactants 
are gIven m Table 1 The solid substrate used lfl the spreadmg 
expenments IS a 20 cm diameter borosIlicate Petn dish Aqueous 
solutions of these surfactants were prepared at fractions of cntlcal 
micelle concentration (CMC) The surfactant solutions were sub-
Jected to an ultraSOnic bath to ensure a well mixed concentration 
32 Methodology 
10 rnl of distilled water were used to create a umform thm 
aqueous layer, which covers the bottom of the Petn dish Oe-
wettmg of the aqueous layer does not occur because the Petri dIsh 
was washed before each expenment accordmg to the follOWing 
protocol The Petn dish was cleaned by (I) soakmg It an chromiC 
aCid for 50 mm. (11) extenSively nnsmg WIth distilled and deiOflIsed 
water after that. and (m) dned In an oven The c1eanmg proce-
dure was repeated after each expenment By spreadmg of 10 ml of 
dIstilled water, a thm water layer With thickness 0 32 mm was de· 
pOSited evenly across the surface of the Petn dish A small amount 
of talc powder was homogeneously smeared over the surface of 
the aqueous layer to trace the motion of the liqUid front under the 
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Fig. ) . Screenshol extracted from the surfactant spreading over thin w,J(er layer rxpcrimcnl. Formation of the moving front is deOlrly secn. 
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Fig. 4. Log-log plol of spreading front a.g.ainS[ lime for surfacrilnts at concentrations btlow the (Mc. 
dction of surfactants. High precision 5 pi Hamilton syringe (Hamil-
[On GB Ltd .. UK) was used to inject 3 pi droplets of aqueous surfac-
tant so lutions on the top of the aqueous layer at room temperature 
(25 °C) and humidity (around 50%). A mechanical manipulator was 
structured to enable placement of the surfactant droplet on the 
thin aqueous layer whi lst minimising the kinetic impact of the su r-
faCta nt droplet and capillary waves on the thin aqueous film. The 
entire spreading process was captured using a high speed video 
camera (O lympus i-Speed) at a rate of 500 frames per second. The 
recorded video was then analysed using Olympus i-Speed software, 
tracking the position of the moving front/dry spot for the spread-
ing process. Three tracking points of the spreading front radius 
were measured to obtain an average. The pixel/length calibration 
was done using a known length. For each sample, the experiment 
was repeated to produce at least 5 sets of data and each experi-
mental point be low is averaged over 5 experimenta l points. 
4. Results a nd discussions 
In all experiments we observed a formation of a circular mov-
ing liquid front (Fig. 3). The front moved from the centre to the 
periphery of the Petri dish. The time evolution of this front, R(L'). 
was monitored. All experimental dependences of R(e) were plot-
ted lIsing log-log co-ordinate system. In all cases considered, we 
found the motion of the front to be in two stages: a fast first stage 
and a slower second stage. The power law exponents were ob-
tained by litting experimental data (with a minimal lit of 95%) by 
straight lines. In itia l experiment using a pure water droplet was 
performed to verify the inertness of the talc powder particles used 
as a [ldcer. We found that a drop of pure water placed on the sur-
face did not produce any spreading process. thus, allowing us to 
neglect rhe influence of talc powder particles on our spreading ex-
periments. 
We assumed that the lower (MC the lower solubility of the 
corresponding surfactant is (see Table 1). The latter means chat 
.DTAB has a higher solubility compared to SOS. For the concentra-
tion srudied for DTAB. we observed two stages. with the second 
stage reach ing a limiting position as the surfactant starts to dis-
solve into the liquid layer underneath. 
Comparison of SOS and DTAB (see Fig. 4) at concentrations 
0.1 CMC shows simi lar first stage spreading exponents (0.48 ± 
0.02 ). The latter exponent is very close to the theoretically pre-
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dieted value 05 according to Eqs (3) and (8) These exponents do 
not depend on the surfactant solubilIty as predicted by Eq (8) 
Dunng the second stage, SOS continues to spread at a slower 
rate (021 ± 0 01), which is close to the theoretical value 025 de-
duced for Insoluble surfactants The latter means that at the time 
scale used In our expenments (1 s) SOS can be considered as 
Insoluble surfactant It IS the reason why surfactants with lower 
solubility as compared with SOS were not used SOS behavIOur 
turns out to be very close to the predicted behavIOur of insol-
uble surfactants In the case of highly soluble DTAB the mOVing 
spreadmg front reached a hmltIng positIOn (Fig 4) as predicted by 
Eq (11) 
It IS necessary to note that we did not observe the dry spot 
formation In any cases considered 
5. Conclusions 
The time evolutIOn of the spreadmg front on the surface of thm 
water film was momtored The spreadmg front was caused by the 
depOSitIOn of a small surfactant droplets and the formatIOn of the 
non-umform dlstnbutlOn of surfactants over the surface of the wa-
ter film Concentration of surfactants In small deposited droplets 
was below CMC Two surfactants of different solubility were used 
SDS (moderate solubility) and DTAB (high solubilIty) Accordmg to 
the theoretical predictions (I) the spreading process proceeds In 
two stages the fast first stage. which IS followed by the lower sec-
ond stage. (11) durmg the first stage the evolution of the spreading 
front proceeds accordmg to the power law With the exponent 0 S. 
which does not depend on the surfactant solubIlity. (Ill) dunng the 
second stage the front m the case of Insoluble surfactant should 
develop accordmg to the power law With the exponent 025, while 
10 the case of the soluble surfactant the spreadmg front should 
move slower and reach the final POSition Our expenments showed 
that SOS on the time scale used (1 s) behaves as msoluble surfac-
tant. Our expenmental data confirmed the above theoretical pre-
dictIOns 
It IS necessary to note that SOS and DTAB are rather different In 
chemical nature and. thus, other aspects might be responsible for 
the differences found Probably a more extenSive study would be 
necessary to establish solubility of surfactant as the malO reason 
for the differences found 
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Appendix A. Nomenclature 
Roman 
A,B,C 
h 
L 
Q 
R 
r 
t 
u 
v 
z 
constants 
film thickness 
droplet base radIUs 
total amount of surfactants on film surface 
position of the movmg front 
radial coordlOates 
time 
tangential veloCity on the hqUld surface 
velocity 
vertical coordmates 
Greek symbols 
11 dynamiC shear VISCOSity of a hquld 
y hqUld-alr mterfaclal tension 
lja charactenstlC time scale of surfactant molecules dlssolu-
tiOn 
r surface excess concentratIon 
Subscnpts 
o Imtlal 
1 time when first stage ends and second stage begms 
00 hmltmg position 
eq eqUlhbnum 
m maximum 
sh shnnkage 
sp spreadmg 
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Abslracl-Surfactants are widely spread In nature and are Increasmgly used In mdustry as wettmg, cleanmg 
and dlsmfectmg agents Recently, there are newly dIscovered InSlloxanes and other slhcone based surfactants 
whIch show very unusual spreadmg behaVIOur Although a number of expenmental and theoretlcalmvestlga-
tIOns have been carned out, the underlymg spreadmg mechamsm rernams unclear Expenments uSing tnstlox-
anes and companson wIth 3 dIfferent poly(ethylene glycol) monododecyl ethers (C,2E4, C,2Es, and C,2E6) sur-
factants were performed to understand the mtluence of Marangom force as the dnvmg force for the spreadmg 
We then compared our expenmental results to available theoretical predlcttons In the hterature The obtamed 
expenmental data showed the opPOSIte trend as compared wIth the theoretical predIctIons developed for regular 
surfactants The latter IS assumed to be a specIal feature of "superspreaders". 
DOl: 10 I 134/SI061933X09030119 
INTRODUCTION 
Thm hqUld films can be found m many eng1Oeenng, 
geology, and bIOphysIcs envIronment. TheIr apphcatlOns 
are Slgmficant m many coatmg processes [1-3] and 
phySIOlogIcal applicattons [4] Presence of non-umfonn 
temperature or surface-actIve compounds across th10 hq-
Uld films WIll lead to fonnatlon of shear stresses, also 
known as Marangom gradIents at the arr-liqUld mter-
face These gradIents cause mass transfer on, or tn a hq-
U1d layer due to surface tenSIon non-umfonmty. 
Marangom stresses dlStnbute the hqUld from areas of 
low surface tension to areas of hIgh surface tensIOn (flow 
generatIon) and m domg so also defonn the mterface 
result10g m height vanattons (defonnatlon and mstabil-
Ity of hquid films) In thIS artIcle, we shall reslnct our 
dISCUSSIons to surfactant mduced Marangom flows only. 
The understandmg of Marangom flows IS Important as 
It can be beneficIal and detnmental to many apphca-
tlOns. Surfactants whIch are nonnally present in a 
healthy mammahan lung to reduce surface tension 
forces that keeps the lungs comphant and prevents col-
lapse of the small aIrways dunng exhalation. However, 
most prematurely born babIes does not produce ade-
quate amount of these surfactants whIch leads to respI-
ratory dIStress syndrome ThIS condmon is treated by 
surfactant replacement therapy where surfactants are 
mtroduced mto the lungs These surfactants spread by 
gravltattonal forces m the large to medium pulmonary 
aIrways In small aIrways where gravIty IS neghglble, 
surface tenSIon gradIents dominates and Marangom 
flow dIStrIbutes the surfactant to the dlStal regIons of the 
lung [4]. 
A common problem 10 coatmg processes where 
pamt films are drIed by sol vent evaporatIon is that the 
IThe article IS puhhshed m the ongmal 
non-umfonnlty of the evaporatIon leads to Marangom 
stresses whIch cause deformatIon m the film and hence, 
permanent defects on the paint surface. Another com-
mon apphcatlOn of the Marangom effect is the use for 
drymg Slhcon wafers after a wet processing step dunng 
the manufactunng of mtegrated ClrcUlts 
A type of Slhcone surfactants, tnstloxanes, was 
found to possess an unusual ablhty to mduce wettIng on 
hydrophobic surfaces. ThIS phenomenon was tenned as 
superspreading [5, 6]. When added to water, tnslloxane 
surfactants are capable of lowenng the surface tensIOn 
from 70 to about 20 dyne cm-I 
FIgure I depicts the general molecular structure of a 
InSlloxane Commonly, a shorthand notation IS used for 
the tnSlloxane surfactants, m which these surfactants 
are denoted M(D'EJM where M stands for the tnmeth-
ylSlloxy group, (CH3),-S10-, the tenn D' stands for the 
--51(CH3)(R)-, where R IS a propyl spacer, and En stands 
for polyoxyethylene, -(CH2CH20).oP (P IS end-cap-
pmg group) However, for Slmphclty, for example, a 
Instloxane WIth 8 oxyethylene groups Will be tenned Tg• 
Recent developments m the superspreadtng behav-
Iour have been summansed m [7] In spIte of a number 
of expenmental investlgallons, the underlymg mecha-
msm of superspreadtng IS stIll not revealed and at 
Fig. 1. General molecular structure of tnsiloxane 
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Fig. 2. Spreadmg of surfactant soluuons over a thm liqUid layer 
present there IS no understanding of the mechanIsm of 
superspreadmg. It IS a real challenge to understand thIs 
mechamsm, whIch wIll open new perspectives for both 
chemical engmeenng and colloId science. 
In superspreadmg expenments, several forces are 
involved, whIch tend to spread drops of superspreadmg 
surfactant solutIOn over hydrophobIc substrates. These 
forces are. gravIty force, whIch becomes dominant for 
"bIg" drops; capIllary force, which IS dommant for 
"small" drops, Marangom force, caused by surface ten-
SIon gradIent on the drop surface, surface forces, whIch 
arose m thm layers close to the three phase contact hne 
A number of expenmental observatIons on the spread-
109 of aqueous tnslloxane drops over flat hydrophobIc 
surfaces were performed for the investIgatIOn of the 
kmetlcs of spreadmg [5, 6, 8, 9]. However, m all these 
mvestlgatlOns suffiCIently bIg drops were used whIch 
mean that gravIty, capIllary, Marangoni and surface 
forces acted sImultaneously and It was ImpoSSIble to 
separate them from each other m such expenments The 
latter observatIon means that It IS dIfficult to use the 
prevIOus expenmental data for revealmg the mecha-
msm of superspreadmg. Therefore, It IS necessary to 
find a way to separate the mfluence of these actmg 
forces. Below we use a method, whIch allows investl-
gatmg the Marangom force separately 
Spreadmg of aqueous tnslloxane surfactant solu-
tIOns under sole Marangom force mfluence was con-
ducted usmg trisiloxanes havmg 3-9 oxyethylene 
groups and 3 dIfferent poly(ethylene glycol) mon-
ododecyl ethers (C12E., CI2Es, and CI2E,;). An attempt 
was made to JustIfy the mfluence of Marangom force as 
a dnvmg force m spontaneous spreadmg WIth reference 
to the currently avaIlable theory. 
THEORY 
It has been shown earher [10] that mvestlgation of a 
motion of a front after deposItion of a small droplet of 
aqueous surfactant solution on a thm water layer allows 
mvestlgatmg separately the influence of Marangom 
phenomenon on the hydrodynamiC flow because the 
capillary and gravitatIOnal forces can be neglected (see 
Fig. 2) The suggested method results m a stable mollOn 
of the wettmg front The latter allows extracting prop-
ertIes of surfactants on a hqUld?alr mterface Starov 
et al. [10] reported theoretical and expenmental work 
for surfactants spreadmg over a thm hqUld layer. The 
authors [10] proposed a theoretical model where the 
spreadmg was subdiVided m two stages a rapid first 
stage and a slower second stage 
For the first stage the time dependency of radius IS 
R(t) - f's and for the second stage R(t) - f'2S Expen-
mental results of aqueous sodIUm dodecyl sulphate 
(SDS) at concentratIOn 5 tImes the cntlcal mIcelle con-
centratIOn (CMC) show that the exponent value IS 
equal to 060 ± 0 IS at the first stage and 0 17 ± 0 02 at 
the second stage Obtamed expenmental results com-
pared relatIvely well with the theoretIcal prediction 
Lee et al. [11] made slgmficant changes to the pre-
VIOUS theoretical models by takmg the mfluence of sol-
ublhty mto account as thIS was assumed to be neghgl-
ble m [to] Surfactant droplets WIth concentration 
above CMC were depOSited on thm aqueous layers m 
[11] Further theoretical development revealed that sur-
factants' solublhty slgmficantly mfluences the spread-
109 exponents (see FIg 3) 
For an msoluble surfactant (Fig. 3, curve 1), the first 
stage would proceed With R(t) - f'75 and the second 
stage to be R(t) - f'25 For highly soluble surfactant 
(curve 3), the first stage gives R(t) - f'5 and the second 
stage would reach a hmltmg position of R... 
Lee et al [11] further strengthened their theoretIcal 
model by investigatmg surfactants Tergltol NPIO 
(hIghly msoluble), SOS (moderately soluble) and dode-
cyl tnmethyl ammomum bromIde (DTAB) (highly sol-
uble) Shown in Fig 4, the highly msoluble surfactant 
has the highest spreadmg exponent close to the theoret-
Ically predIcted value 0.75 and the hIghly soluble sur-
factant spreads dunng the first stage and reaches a hm-
Itlng poSItIOn m the second stage 
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Fig. 3. Spreadmg behavIOur prediction of surfactants With 
varymg solubIlIty (/) highly msoluble, (2) moderately sol-
uble, and (3) highly soluble surfactant (Lee et al [11]) 
MATERIALS 
Surfactants used m the expenments were 3 different 
poly(ethylene glycol) monododecyl ethers (C12E4, 
CI2E" and CI2E,;) which were purchased from Slgma-
Aldnch, UK, and 7 tns!loxanes (T,T9) which were 
kmdly supphed by Dr. Randal H!ll, Dow Cormng, US 
All surfactants were used as received Without further 
punfication. 
The sohd substrate used m the spreadmg expen-
ments was a 20 cm diameter boroslhcate Petn dish. 
Aqueous surfactant solutlOns were prepared With delO-
msed water 
METHODOLOGY 
10 or 50 ml of dlstllled water were used to create a 
umform thm aqueous layer, which covers the bottom of 
the Petn dish De-wetting of the aqueous layer does not 
occur because the Petri dish was washed before each 
expenment accordmg to the followmg protocol The 
Petn dish was cleaned by (I) soaking It m chromiC acid 
for 50 mm, (11) extensively rmsmg With dlst!lled and 
delOmsed water after that, and (m) dned m an oven 
The cleanmg procedure was repeated after each exper-
Iment. By spreadmg of 10 ml of distilled water, a thm 
water layer With thickness 0 32 mm was deposited 
evenly across the surface of the Petri dish. A small 
amount of talc powder was homogeneously smeared 
over the surface of the aqueous layer to trace the motlOn 
of the hqUld front under the actlOn of surfactants. High 
preclSlon 5 ~I Hamilton syringe (Ham!lton GB Lld, 
UK) was used to inject 1.5 or 3 ~I droplets of aqueous 
surfactant solutlOns on the top of the aqueous layer A 
mechamcal mampulator was structured to enable place-
ment of the surfactant droplet on the thm aqueous layer 
wh!lst mlmmlsmg the kmetlc Impact of the surfactant 
droplet and capIllary waves on the thm aqueous film 
The entlre spreadmg process was captured usmg a 
high speed Video camera (Olympus I-Speed) at a rate of 
500 frames per second. The recorded Video was then 
analysed usmg Olympus I-Speed software, trackmg the 
pos1l10n of the movmg front/dry spot for the spreadmg 
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FIg. 4. Log-log plots of spreadmg front against hme for 3 
different surfactants With different solubdlues (1) Tergltol 
NPIO, (2) SDS, and (3) DTAB (Lee et a1 [11]) Empty and 
solId symbols refer to the first and second spreadmg stage. 
respectively 
process. Three trackmg pomts of the spreadmg front 
radIUS were measured to obtam an average. The 
plxelllength cahbratlon was done usmg a known length 
For each sample, the expenment was repeated to pro-
duce at least 5 sets of data and each expenmental pomt 
below IS averaged over 5 expenmental points. No msta-
blhtles of the movmg front were detected in any exper-
Imental run. 
RESULTS AND DISCUSSION 
In all experiments, we observed a Circular spreadmg 
front movmg from the centre to the penphery of the 
Petn dish. The tlme evolution of the radIUS of thiS 
spreadmg front, RII), was momtored, which was then 
plotted on a log-log coordmate system. In all cases 
conSidered, we found that the spreadmg process can be 
separated mto two stages, a first fast stage and a second 
slower stage The power law exponents were obtamed 
by fitting trendhnes over the expenmental data With a 
mlmmal fit of 95% We assumed that the hIgher the 
CMCs of the surfactants, the more soluble the surfac-
tants would be 
Accordmg to the theoretical prediction (see Eqs (1)-
(4)), the lower the solublhty of the surfactant, the higher 
the power law exponent Will be This trend was experi-
mentally confirmed earher [10, 11] when we used reg-
ular surfactants However, we observe this trend to be 
completely opposite when compared to our expenmen-
tal results on spreadmg of superspreaders. 
We deposit 1 5 ~I of aqueous tnslloxanes solutlons 
at concentratlOn 20 gII, which IS substantially higher 
than cntlcal wettmg concentratlOn (CWC) for all tnsl-
loxanes mvestigated (see [12] and references m) The 
time dependenCies of the radIUS are shown in Fig 5 and 
the correspondmg spreadmg exponents are hsted in 
Table 1. 
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Fig. S. Log-log plots of spreadmg front agamst time for 7 different tnstloxanes (1) T 3' (2) T4• (3) T ,. (4) T 6' (5) T 7. (6) Tg. and 
(7) To 
From Fig 5 and Table I. we clearly see that mcrease 
in the solubIlity oftnsIloxanes (by mcreasmg the number 
of ethoxylate groups) results in the higher spreadmg 
exponent value for the first stage of spreadmg Highly 
soluble tnsIloxane To shows the highest spreadmg expo-
nent (0 80 ± 0 01) whIlst the least soluble tnslloxane T3 
Table 1. FITst and second stage spreadlOg exponents for toSI-
loxanes 
Tnslloxane Molecular 
Spreadmg exponent 
weight. glmol 1 st stage 2" stage 
T3 42686 044±003 011 ±001 
T4 47092 052±001 0.12 ± 0 02 
T, 51498 053±001 o 1O±001 
T. 55904 063±002 012±001 
T7 60310 073±005 0.20±001 
Tg 64716 076±002 o 12±001 
To 691.22 080±001 013±001 
Table 2. Properttes of poly( ethylene glycol) monododecyl 
ether surfactants and correspondlOg spreadlOg exponents 
Mol;"ular SpreadlOg exponent Surfactant CMC.mM weight, glmol 1 st stage 2nd stage 
C12E4 36255 0050 051 ±001 021 ±001 
C12Es 40661 0085 065±001 o 15±001 
C,2Eo 45066 0087 072±002 o 16±002 
gives the exponent value equal only to 0 44 ± 0 03 The 
second stage proceeds With a more or less constant rate 
(the spreadmg exponent IS approximately 0.11 ± 002) 
With the exceptIon ofT7 for which thiS stage IS character-
IZed by the exponent value of 020 ± 0 01. 
In the next set of expenments, we mvestlgated the 
depOSItIon of 3 III drop of poly(ethylene glycol) mon-
ododecyl ether surfactants With 4, 5, and 6 ethoxylate 
groups at concentratIOns 20 tImes the CMC. The results 
for C12E4, C I2E" and C12Eo are plotted m Fig 6 and the 
spreadmg exponents are hsted m Table 2 
We observed that C12E. which is the most soluble 
surfactant shows the highest spreadmg rate (the expo-
nent value of 0.72 ± 002), while less soluble C,2E4 
shows slower spreadmg rate (0.51 ± 0 01) for the first 
stage of spreadmg For the second stage of spreadmg, 
C12E4 has a spreadmg exponent of 021 ± 001 while 
C,2E, and C12E. show spreadmg exponents 0 15 ± 0 01 
and 0 16 ± 0 02, respectively 
Experiments With both trislloxane and ethylene gly-
col monododecyl ether surfactants exhIbit a Similar 
trend whereby the spreadmg rates dunng the first stage 
mcreases as the solubilIty mcreases. However, the sol-
ublhty does not seem to mfluence the spreadmg rates 
during the second stage, With the exceptIon of both T7 
and CI2E4 Accordmg to theoretical predictions [11], 
when solublhty mcreases, spreadmg rates for both the 
first and second stage would decrease as well Our 
expenmental findmgs revealed the possibilIty of 
another transfer mechanism of the surfactants We 
assume that bulk properties of surfactants Itself influ-
ence the magmtude of the surface tensIOn gradient dnv-
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Fig. 6. Log-log plots of spreadmg front agaInst tIme for 
poly(etbylene glycol) monododecyl ether surfactants 
(1) C I2E,;. (2) CuEs. and (3) CuE. Emply and solId symbols 
refer to the first and second spreadmg stage. respecUvely 
mg force. TrlSlloxanes were found to undergo self-
assembly process at specific temperatures and concen-
tratIOns where superspreadmg was observed The theo-
retical models were developed on the basIs that 
micelles dlsmtegrate to proVide a contmuous supply of 
surfactants to the front edge to sustam spontaneous 
spreadmg Therefore, existence of different types of 
aggregates might be slgmficant in mfluencmg the sur-
factants' transfer to the edge 
CONCLUSIONS 
A movmg Circular spreadmg front was observed after 
a small droplet of aqueous surfactant solutIOn was depos-
Ited onto a thm aqueous layer The time evolution of the 
radIUS of the moving front was momtored. It IS shown 
that the time evolutIOn of the movmg front proceeds in 
two stages' a rapid first stage and slower second stage 
SPELL' I ok 
COLLOID JOURNAL Vol 71 No 3 2009 
Dunng the first stage, we observed as the surfactant's 
solubility mcreases, so does the spreadmg exponents 
For the second stage, the spreadmg exponents do not 
appeared to be mfluenced by surfactant's solubility . 
These observatIOns were m complete opposite to the 
behaVIOur of regular surfactants and the theoretical pre-
diction where the lower the SOlubility, the higher the 
spreadmg rates for both the first and the second stage 
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